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ABSTRACT 
Rice roots engage in symbiosis with ancient symbiotic fungi such as R. irregularis, whilst 
resisting invasion of the detrimental fungus M. oryzae, a major causative agent of the rice blast 
(leaf) disease. M. oryzae can also invade rice roots with simple non-melanised hyphopodia 
formed on the rice root surface, very similar to R. irregularis. This similarity in behaviour has 
raised questions whether the biotrophic pathogen adopts an endophytic lifestyle during rice root 
colonisation, possibly as a disguise to bypass the plant defence machinery whilst entering the 
host. Identifying shared plant genes and development programmes utilised by M. oryzae and R. 
irregularis during rice root invasion will provide a better understanding of how the host plant 
responds to and accommodates both fungi in its root.  
The work presented here, describes a novel function of three Oryza sativa plasma membrane 
receptors (Chitin Elicitor Receptor Kinase 1, CERK1; Nod Factor Receptor 5, NFR5 and Chitin 
Elicitor Binding Protein, CEBiP) in enabling M. oryzae invasion of rice roots. It also 
demonstrates, for the first time, a role of OsNFR5 as a compatibility factor, rather than a 
defence receptor during M. oryzae rice leaf infection. Unexpectedly, OsCEBiP was found to be 
involved in rice root colonisation by R. irregularis, challenging existing reports while 
presenting a different perspective on the possible co-functioning of the LysM-RLP with 
OsCERK1 during AM symbiosis. Excitingly, OsCERK1 emerged as a common co-receptor for 
AM symbiosis, immunity signalling and rice root invasion by M. oryzae, supporting a diverse 
role of the LysM-RLK in the perception of an array of signalling molecules.  
Lastly, transcriptome comparison analysis performed in this study revealed a new set of co-
induced rice genes (Exo70-H3b exocyst, Lectin Receptor-Like Kinase, LecRLK and DUF538 
genes encoding ‘proteins of unknown function) that may be commonly required for the invasion 
of rice roots by both symbiotic and detrimental fungi. These findings lend strong support to the 
long-standing hypothesis that plant pathogens exploit genetic pathways established in the 
ancient arbuscular mycorrhizal symbiosis to facilitate their invasion of the host plant. They also 
have significant implications for effective crop improvement and disease control strategies, 
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According to the United Nations Food and Agriculture Organisation (FAO), rice is a major 
staple food for more than half of the world population, and of significant importance for food 
security in many low-income food deficit countries. As the consumption of rice has exceeded 
production in many developing countries, especially in sub-Saharan Africa (FAO, 1996), there 
is an urgent need to increase rice production and to develop rice cultivars that can better adapt 
to low input rice agro-ecosystems. Developing effective biofertilization systems alongside 
modern disease control strategies against rice pathogens such as Magnaporthe oryzae, the 
causative agent of the rice blast disease (Wilson and Talbot, 2009) is crucial for improving rice 
production and global food security.   
 
 
1.1. The arbuscular mycorrhizal (AM) symbiosis 
Plants are colonised by a plethora of microorganisms including bacteria, viruses and fungi, and 
this results in different types of associations, which may be competitive, mutualistic or parasitic. 
In either of these associations, plants can benefit from the microbes, suffer from the interaction 
or provide a habitat for microbial communities (for review, see Schirawski and Perlin, 2017). 
In mutualistic plant-microbe interactions, both organisms often benefit from nutrient and other 
signalling exchange that contributes to either of the organism’s growth and metabolism. For 
instance, many plant roots associate with symbiotic microorganisms such as specific fungi (e.g., 
arbuscular mycorrhizal fungi), rhizobia bacteria or actinobacteria (Streptomycetes in particular) 
which provide the plant with soil mineral nutrients (Smith and Read, 2008).  
 
The roots of many terrestrial plants form mutualistic associations with fungi of the 
Glomeromycotina (e.g., Rhizophagus irregularis) in a process known as arbuscular 
mycorrhizal (AM) symbiosis. AM symbiosis dates back ~450 million years and is believed to 
have evolved to help the earliest terrestrial plants to absorb nutrients in the absence of complex 
vascular root systems (Simon et al., 1993). Under limited soil nutrient conditions, plants such 
as rice (Oryza sativa) (Nakagawa and Imaizumi-Anraku, 2005), tomato (Solanum 
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lycopersicum) (David-Schwartz et al., 2001) and the legume Medicago truncatula (Sagal et al., 
1995) engage in symbiosis with the AM fungus R. irregularis, which facilitates the uptake of 
phosphorus, and to a lesser extent, nitrogen and other mineral nutrients from the soil to the 
plant. In some cases, AM colonisation improves the plant’s resistance to root pathogens 
(Newsham et al., 1995). In return, the fungus receives photosynthetic carbon which it uses for 
its own metabolism (Smith and Read, 2008).  
 
AM symbiosis is initiated by a bi-directional exchange of signalling molecules between the 
symbiotic partners, which stimulates fungal hyphal growth towards the plant root surface where 
initial contact is made. Following this initial contact, the fungal hypha differentiates and forms 
an attachment structure called the hyphopodium on the root surface. From the hyphopodium 
forms a penetration hypha which the fungus uses to penetrate the rhizodermal layer of the plant, 
allowing it to enter the root where it grows, and forms highly branched hyphae called arbuscules 
within cortical cells (Figure 1.1). Arbuscules are housed in an apoplastic compartment 
surrounded by the peri-arbuscular membrane, which is considered the site of nutrient and signal 
exchange in symbiosis (for review, see Gutjahr and Parniske, 2013; Lanfranco et al., 2018).  
 
Once inside the root, the fungus can colonise the plant root using two different strategies; an 
Arum-type or Paris-type colonisation (Dickson, 2004). In the Arum-type colonisation, fungal 
hyphae spread between cortical cells before penetrating an inner cortical cell to form 
arbuscules, whereas in the latter type, fungal hyphae grow through the intracellular passage of 
cortical cells where it forms hyphal coils or arbuscules (for review, see Luginbuehl and 
Oldroyd, 2017). Studies have found that plants colonised by the AM fungus generally show 
more resilience and tolerance to biotic and abiotic stresses compared to non-mycorrhizal plants, 
not solely due to a better nutritional status (Jung et al., 2012; Auge et al., 2015). AM fungus 
also improves soil quality and increases plant biodiversity (Rilling et al., 2015; Van der Heijden 





Figure 1.1: Stages of intracellular colonization of rice roots by Rhizophagus irregularis. The host 
plant releases strigolactones which stimulate AM fungal spore germination and intense hyphal 
branching. The hyphopodium is formed on the plant root surface followed by a pre-penetration 
apparatus (PPA), which allows the fungus to enter the plant host cell. The fungus grows intracellularly 
within cortical cells where it forms arbuscules, which is surrounded by a plant-derived peri-arbuscular 
membrane, the site of nutrient exchange during symbiosis. Arbuscules are surrounded by a plant-derived 
peri-arbuscular membrane (PAM). AM fungus releases signalling molecules known as Myc factors, 
which are recognised at the plasma membrane by unidentified Myc factor receptors that act in 
conjunction with SYMRK (Symbiosis Receptor-Like Kinase). The signals are transduced by putative 
secondary messengers to the nucleus to activate perinuclear calcium spiking, a process involving several 
proteins (e.g. CASTOR, POLLUX, MCA8, NUP85, NUP133, NENA and putative calcium channel. 
The calcium response is decoded by CCaMK, which phosphorylates and activates the transcription 
factor, CYCLOPS.  (Image modified from Luginbuehl and Oldroyd, 2017). 
 
 
1.1.1. Establishment of AM symbiosis: the pre-symbiotic phase 
The establishment of AM symbiosis involves several successive steps. First is the mutual 
recognition of both plant and fungal partners within the rhizosphere. This is initiated by a 
molecular dialogue involving the exchange of signalling molecules between the fungus and 
host plant before any physical or direct contact is made via the formation of the hyphopodium. 
Plant-derived signals induce spore germination and intense hyphal branching to enable contact 
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with the plant root (Akiyama and Hayashi, 2006). In return, the fungus releases signalling 
molecules that elicit symbiotic responses in the root. This mutual exchange in molecular 
communication is crucial at the pre-contact phase but is also likely to occur during intra-radical 
colonisation by AM fungi. Notably, survival of AM fungi largely depends on efficient spore 
germination and rapid colonisation of the host plant. The spores inhabit the soil and can 
germinate spontaneously, independent of plant-derived signals, although root exudates and 
volatiles can promote or suppress spore germination, possibly due to spore receptors that 
respond to changes in the environmental chemical composition (for review, see Paszkowski 
2006). Without a host plant, fungal hyphal growth is restricted and eventually ceases. This 
phenomenon occurs due to low amounts of stored carbon, although the spore can retain enough 
carbon that enables it to germinate again and find a new host (for review, see Paszkowski 2006). 
 
1.1.2. Plant to fungal communication 
In AM symbiosis, root exudates play a crucial role in enabling the fungus to enter an active 
state, whereby fungal metabolism and extensive hyphal branching are induced to enable the 
fungus to locate the host root (Besserer et al., 2006; Akiyama et al., 2005). Under conditions of 
nutrient starvation, especially when phosphorus is depleted in the soil, plant roots synthesize 
and release strigolactones and other signalling molecules such as flavonoids and 2-hydroxy 
fatty acids into the rhizosphere (Nagahashi and Douds, 2011; for review, see Nadal and 
Paszkowski, 2013; Schmitz and Harrison, 2014; Carbonnel and Gutjahr, 2014). Present in the 
root exudates of many monocotyledonous and dicotyledonous plant species are very low 
concentrations of strigolactones (Xie, 2016), which are involved in the communication between 
plants and a variety of parasites (Cook et al., 1966), arbuscular mycorrhizal fungi (Akiyama et 
al., 2005), and more recently, the legume-rhizobia symbiosis (De Cuyper et al., 2015; Foo and 
Davies, 2011).   
 
Strigolactones are a group of sesquiterpenes first isolated as seed-germination stimulants for 
the root-parasitic weeds Striga and Orobanche (Cook et al., 1966; Bouwmeester et al., 2003; 
Akiyama and Hayashi, 2006). When exuded from the root, strigolactones induce hyphal 
branching in AM fungi (Akiyama and Hayashi, 2006; Besserer et al., 2006). They also have 
diverse functions in mycorrhizal symbiosis, including the activation of oxidative metabolism, 
mitochondria division and the release of fungal-derived symbiotic signalling molecules 
(Besserer et al., 2006; Genre et al., 2013; Tsuzuki et al., 2016). Following their release into the 
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rhizosphere, strigolactones become rapidly hydrolysed, with the resulting steep gradient 
concentration thought to provide a directional cue to the AM fungus (Nadal and Paszkowski, 
2013; Ruyter‐Spira et al., 2013). Parasitic plants have also been shown to utilise strigolactones 
to trigger seed germination and as a guiding signal to locate their host (Bouwmeester et al., 
2007). 
 
Strigolactones are synthesised from carotenoids through the action of an iron-binding protein 
encoded by D27 (DWARF27), Carotenoid Cleavage Dioxygenase 7 (CCD7), CCD8 and More 
Axillary Growth 1 (MAX1) (Schwartz et al., 2004; Alder et al., 2012). In the plastids, the 
precursor of strigolactones known as all-trans-β-carotene is converted into carlactone by the β-
carotene isomerase D27 and CCD7 and CCD8 (Bruno et al., 2017; Seto et al., 2014; Kohlen et 
al., 2014; Alder et al., 2012). In the cytosol, MAX1 aids the catalysis of carlactone oxidations 
to carlactonic acid. Carlactonic acid is methylated, and subsequently oxidised into a 
biologically active form of strigolactone-like compounds by the Lateral Branching 
Oxidoreductase, an oxidoreductase-like enzyme of the 2-oxoglutarate and Fe (II)-dependent 
dioxygenase superfamily (Brewer et al., 2016; Zhang et al., 2014; Seto et al., 2014; Kohlen et 
al., 2014; Alder et al., 2012). Despite a broad understanding of strigolactone biosynthesis, it 
remains unclear whether canonical strigolactones or carlactone-derived molecules are 
synthesised in Arabidopsis thaliana (for review, see De Cuyper and Goormachtig, 2017) and 
which ones are endogenous hormones (Alder et al., 2012).  
 
Understanding how strigolactones are secreted from the root into the soil for plant-microbe 
communication in the rhizosphere is crucial. So far, the only well-characterised strigolactone 
transporter is the Petunia hybrida ATP-Binding Cassette (ABC)-transporter Pleotropic Drug 
Resistance 1 (PDR1) (Kretzschmar et al., 2012), a member of the G-type subfamily of ABC 
transporters involved in the transport of phytohormones such as cytokinin, abscisic acid and 
auxin (Borghi et al., 2015). The export of strigolactones into the environment by PDR1 
produces a strigolactone gradient which activates fungal metabolism, as well as provides a 
positional cue for the fungus to locate the host root (Kretzschmar et al., 2012). P. hybrida pdr1 
mutants showed a defect in exuding strigolactone from their roots, which resulted in reduced 
symbiotic interactions. At the same time, an enhanced branching phenotype, indicative of 
impaired strigolactone allocation was seen in pdr1 mutants above ground (Kretzschmar et al., 
2012). Strigolactone export from the cell has been attributed to the asymmetrical localisation 
of PDR1 at the plasma membrane. For instance, the localisation of PDR1 at the apical 
membrane of root hypodermal cells in the root tip suggests an active strigolactone export from 
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the root tip to the shoot. Conversely, PDR1 localisation at the outer lateral membrane of 
hypodermal passage cells above the root tip, where AM fungi enters the root, indicates an active 
outward traffic into the rhizosphere (Sasse et al., 2015; Sharda and Koide, 2008).  
 
By inducing extensive fungal hyphal branching, strigolactones enable the formation of a large 
network of mycelia, which extend beyound the root rhizosphere, thus allowing soil nutrients to 
be captured from expanded soil areas. This has been proven by experiments showing a 
reduction in root colonisation by two arbuscular mycorrhizal fungi R. irregularis and 
Gigaspora rosea in strigolactone-deficient Solanum lycopersicum (tomato) and Zea mays 
(maize) mutants, respectively (Gomez-Roldan et al., 2007; Koltai et al., 2010). What is still 
unknown is how strigolactones are perceived by the host. Inside the plant, strigolactones are 
recognised by the α/β hydrolase DWARF 14 (D14). This leads to a complex formation 
involving the Skp1-Cullin-F-box (SCF) complex with the F-box protein MAX2, members of 
the Suppressor of MAX2 1-Like (SMXL) protein family and Topless repressors (for review, 
see De Cuyper and Goormachtig, 2017). It is expected that as strigolactone binds, the SCFMAX2 
complex ubiquitinate the SMXL proteins, leading it to proteasomal degradation, which then 
activates downstream signalling (for review, see De Cuyper and Goormachtig, 2017).  
 
Cutin monomers such as the Medicago truncatula RAM2 (Required for Arbuscular 
Mycorrhization 2) were initially identified as plant signals with a role in AM symbiotic dialogue 
(Wang et al., 2012). However, recent studies suggest that RAM2, a glycerol-3-phosphate acyl 
transferase (GPAT), involved in the biosynthesis of hydroxylated aliphatic acid, alongside FatM 
(Fat thioesterases M) are involved in lipid biosynthesis in colonised cells to secrete enough 
lipids for use by the AM fungus (Bravo et al., 2017). In addition, the Zea mays (maize) and 
Oryza sativa (rice) NOPE1 (NO PERCEPTION1) was discovered as a plant signal required for 
pre-symbiotic fungal reprogramming (Paszkowski et al., 2006; Nadal et al., 2017). Mutants of 
ZmNOPE1 failed to support hyphopodia formation by the AM fungus Gigaspora mosseae 
(Paszkowski et al., 2006), as well as osnope1 mutants, which showed a significant reduction in 
R. irregularis rice root colonisation and the formation of aberrant hyphopodia on the root 
surface (Nadal et al., 2017), suggesting that NOPE1 is required for pre-symbiotic signal 
exchange. Further analysis suggested that NOPE1 may be specifically required for interaction 
with AM fungi as osnope1 mutants inoculated with the pathogens Piriformospora indica and 
Magnaporthe oryzae showed normal root invasion relative to the wild-type (Gutjahr et al., 
2008; Marcel et al., 2010). Notably, NOPE1 encodes an N-acetylglucosamine (GlcNAc) 
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transporter, a function described in the fungal commensal pathogen Candida albicans, where it 
induces morphological budding to hyphal growth (Alvarez and Konopka, 2006).  
 
 
1.1.3. Fungal to plant communication 
In response to strigolactones and other molecules released by the plant, arbuscular mycorrhizal 
fungi produce symbiotic signalling molecules that are recognised by the host plant. 
Germinating spore exudates (GSEs) from AM fungi have been shown to trigger several cellular, 
metabolic and development changes thought to prepare plant cells for fungal colonisation. 
Some of these different responses in the host root include extensive transcriptional regulation 
of AM symbiotic genes, promotion of lateral root development, starch accumulation and rapid 
nuclear-related calcium oscillations (Kosuta et al., 2003; Gutjahr et al., 2009; Kuhn et al., 2010; 
Maillet et al., 2011; Mukherjee and Ane, 2011; Chabaud et al., 2011; Maillet et al., 2011; Czaja 
et al., 2012; Genre et al., 2013; Bonfante and Genre, 2015). Interestingly, studies aiming to 
delineate the structure of mycorrhizal (Myc) signals found that the AM fungus Rhizophagus 
irregularis secretes a mixture of sulphated and non-sulphated lipochitooligosaccharides 
(LCOs) that resemble Nod (nodulation) factors released by rhizobia bacteria (Maillet et al., 
2011). The chitin oligosaccharidic backbone of both Nod- and Myc-factors is made up of four 
or five N-acylated glucosamine residues, but compared to the Nod factors, R. irregularis Myc 
factors or signals have a much simpler structure (Dénarié et al., 1996; D’Haeze et al., 2002). 
Research findings show that rhizobial mutants that produce simple LCOs like Myc-LCOs were 
unable to penetrate their host and form nodules (Ardourel et al., 1994). 
 
Unlike rhizobia bacteria which produce Nod-LCOs, the AM fungus also produces short chain 
chitin oligosaccharides (CO4/CO5) in addition to Myc-LCOs (Genre et al., 2013). It has been 
shown that these GlcNAc-based signalling molecules differ in their ability to elicit symbiotic 
responses, which can be influenced by various factors such as their concentration, host plant 
species, the root cell type, and the combination with other fungal signals (Sun et al., 2015). This 
was demonstrated by experiments showing the activation of nuclear calcium oscillations in rice 
atrichoblasts by CO4 but not Myc-LCOs, whereas a mixture of CO4 and Myc-LCOs activated 
calcium oscillations in rice trichoblasts (Sun et al., 2015). On the other hand, lateral root growth 
occurred in M. truncatula following treatment with Myc-LCOs but not CO4, whereas both CO4 




1.1.4. Establishment of AM symbiosis: the symbiotic phase 
Following the release of strigolactone and other molecules at the pre-symbiotic stage, fungal 
hyphae attach to the epidermal layer of the plant root, where hyphal tips differentiate to form 
hyphopodia. The perception of mechanical and chemical signals, including cutin monomers 
emanating during hyphopodium formation (Wang et al., 2012) facilitate fungal penetration and 
entry into the host root. When the fungus is attached to an epidermal cell, the plant cell nucleus 
moves to the site of hyphal contact prior to its migration across the cell to the opposite side. As 
this nuclear movement takes place, the plant cell forms a pre-penetration apparatus (PPA), 
which permits fungal penetration and entry (Genre et al., 2005). Notably, the PPA is formed 
from the accumulation of a dense network of ER cisternae, actin filaments and microtubules 
and is associated with both fungal entry of epidermal cells and root colonisation. Formation of 
the PPA defines the subsequent path of hyphal infection and may be responsible for the 
synthesis of apoplastic compartment required for hyphal containment (Genre et al., 2005). Only 
when the PPA is formed does the fungal hypha enter the cell lumen, where it grows 
longitudinally through the apoplast and form branches, which initiate arbuscule formation in 
inner cortical cells (Genre et al., 2005). Notably, arbuscules are transient structures, which 
degenerate and collapse after 2-4 days after development.  
 
1.1.5. Arbuscule development and the peri-arbuscular membrane (PAM) 
Arbuscules are formed in inner root cortical cells and are surrounded by a plant-derived peri-
arbuscular membrane (PAM), which is considered to be the site of nutrient exchange in the 
symbiosis (dotted white lines in Figure 1.2). Arbuscule development involves a severe 
reorganization of the cortical cells. Interestingly, hyphal penetration does not result in the 
breaching of the plasma membrane but rather produces invaginations which extend to form the 
PAM. The PAM separates the fungal hypha from the host cytoplasm (Harrison, 2005). 
 
The PAM consists of two domains; the branch and trunk domains, which have defined positions 
and protein composition (Pumplin and Harrison, 2009). The trunk domain is located at the base 
of the PAM, whereas the branch domain surrounds the fine hyphal branches of the arbuscule 
and contains a specialized set of proteins involved in the mediation of nutrient exchange in the 
symbiosis (Pumplin and Harrison, 2009). In between the PAM and the fungal hypha is the peri-
arbuscular space, which contains plant cell wall material in direct contact with the fungal cell 







Figure 1.2: Microscopic image of a fully developed arbuscule formed by R. irregularis in rice root 
cortical cells. The intraradical hypha (outlined in red) grows intercellularly until it reaches the inner 
cortical cells of the root, where it then forms an arbuscule. Arbuscules are surrounded by a plant-derived 
peri-arbuscular membrane (PAM) (white dotted line) where nutrient exchange in the symbiosis takes 
place. (Scale bar = 50µm). Micrograph obtained using a modified protocol described in Kobae and 
Ohtomo (2016). 
 
Cytoplasm and organelles such as the endoplasmic reticulum, Golgi bodies, plastids and 
mitochondria accumulate within the area surrounding arbuscule branches. In addition, tonoplast 
invagination and multiple small vacuole compartments are also seen in the host cell during 
arbuscule development (Harrison, 1999). Although the continuation of the PAM with the 
plasma membrane suggests that it arises by de novo membrane synthesis, the origin of the 
membrane material and secretion/signalling pathways, including lipid and protein compositions 
involved in the process are still unknown. The development of the PAM is critical for nutrient 
transport in the symbiosis and understanding how nutrient exchange occurs has been an area of 
focus. In M. truncatula, two SNAREs (soluble N-ethylmaleimide sensitive factor attachment 
protein receptor), VAMP721d and VAMP721e have been associated with PAM development as 
knockdown of both proteins blocked arbuscule and symbiosome formation during AM 
symbiosis and nodulation, respectively (Ivanov et al., 2012). VAMP721d/e are members of the 
family of SNAREs, which are located on the membranes of exocytotic vesicles. In conjunction 
with tSNAREs located on the target membrane, they mediate the fusion of vesicles and target 
membranes (Harrison et al., 2002). Expressed in inner cortical cells, VAMP721d/e vesicle cargo 
is thought to include PAM-resident proteins (MtPT4), an ABC transporter (STR1/STR2) and a 
secreted subtilisin protease (SbtM1) (Harrison et al., 2002; Zhang et al., 2010; Gutjahr et al., 




The exocyst complex, which is involved in vesicle trafficking has been associated with 
arbuscule development (Genre et al., 2012). In support of this is the M. truncatula Exo70I 
exocyst protein shown to be required for normal development of the branch domain of the PAM 
during AM symbiosis (Zhang et al., 2015). Mutants of MtExo70I showed a major defect in 
arbuscule development. More specifically, arbuscule branching was reduced and hyphal 
branches were aberrant and frequently distorted in shape. This defect was followed by 
premature maturation of the septa and arbuscule collapse, which consequently resulted in 
smaller arbuscules (Zhang et al., 2015). In addition, MtExo70I mutants failed to efficiently 
incorporate two important arbuscule branch domain-specific ABC transporters, STR and STR2, 
indicating that the Exo70I exocyst activity is crucial for the early branching phase of the 
arbuscule (Zhang et al., 2015).  
 
Another interesting observation about the function of Exo70I during arbuscule PAM 
development is its co-localisation with Vapyrin, a plant-specific protein of unknown function 
required for arbuscule formation (Zhang et al., 2015). Vapyrin is a cytoplasmic protein found 
in cells containing AM fungal hyphae, where it accumulates in small puncta moving through 
the cytoplasm (Pumplin et al., 2010). It contains two domains; a major sperm protein (MSP) 
domain associated with VAMP proteins (VAP) and an ankyrin-repeat domain, both of which 
mediate protein-protein interactions (Pumplin et al., 2010). Putative vapyrin orthologues exist 
widely in the plant kingdom, and although its molecular function has not been determined, it is 
thought to be involved in mediating interactions between proteins and in enabling AM fungi to 
enter plant cells (Pumplin et al., 2010). In Petunia hybrida, mutations in the Vapyrin-encoding 
gene homologue, PAM1 (Penetration and Arbuscule Morphogenesis 1) showed defects in the 
intracellular stages of AM development (Feddermann et al., 2010), as well as legume plants 
with mutated Vapyrin genes, which exhibited abnormal rhizobial infection threads and fewer 
nodules (Murray et al., 2011). These observations further support the notion that Vapyrin may 
act as a scaffold protein to recruit MtExo70I, and perhaps other proteins during arbuscule 
development.  
 
Other plant genes or proteins associated with arbuscule development include phosphate and 
ammonium transporters, which are crucial for symbiotic phosphate uptake (Javot et al., 2007; 
Yang et al., 2012). Following uptake into fungal mycelium, phosphate and nitrogen from 
ammonium are transported in the form of polyphosphates and arginine, respectively, into the 
peri-arbuscular space (PAS) of arbuscules, where they are released (Hijikata et al., 2010). 
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Extensive studies have identified various plant phosphate transporters that mediate the uptake 
of phosphate across the PAM (Harrison et al., 2002; Paszkowski et al., 2002; Nagy et al., 2005; 
Maeda et al., 2006; Javot et al., 2007; Yang and Paszkowski, 2011; Tamura et al., 2012; Yang 
et al., 2012; Xie et al., 2013; Breuillin-Sessoms et al., 2015). The phosphate transporters belong 
to a family of phosphate transporter 1 (Pht1) proton symporters and many of them were able to 
complement yeast phosphate transport mutants, confirming their ability to transport phosphate 
in other plants (Harrison et al., 2002; Paszkowski et al., 2002; Tamura et al., 2012; Xie et al., 
2013). The M. truncatula Phosphate Transporter 4 (PT4) and its homologues in rice and 
soybean are localised at the branch domain of the PAM and are required to transport phosphate 
from the fungus to the plant, as well as to maintain AM symbiosis. Mutations or knockdown of 
MtPT4 resulted in premature degeneration of arbuscules and aborted symbiosis (Javot et al., 
2007), whereas dramatically low levels of colonisation and arbuscules were seen in mutants of 
O. sativa pt11 phosphate transporter (Yang et al., 2012). In addition, a mutation in another rice 
phosphate transporter, PT13, which is exclusively expressed in arbusculated cells produced 
very similar phenotypes to pt11 mutants, but irrespective of this phenotype, PT11 was shown 
to be the only transporter involved in symbiotic phosphate uptake in rice (Yang et al., 2012). 
 
1.1.6. Recognition of symbiotic signals by lysine motif (LysM) receptors 
LysM domains are present in prokaryotic and eukaryotic proteins where they bind N-
acetylglucosamine (GlcNAc)-containing carbohydrates, such as chitin, chitin-oligosaccharides 
and peptidoglycan (Buist et al., 2008). They were first discovered in the lysozyme of Bacillus 
phage phi-29 as C-terminal direct repeat composed of about 50 amino acids (Garvey et al., 
1986; Buist et al., 2008). Multiple LysMs can be found within one LysM domain, but these are 
separated by spacing sequences, mostly consisting of Serine, Threonine and Aspartic acid or 
Proline residues, which allow a flexible region between the LysMs (for review, see Buist et al., 
2008). Unlike prokaryotic proteins with repeated LysM domains, the intervening sequences 
between the LysMs of a family of receptor-like kinases in plants contain a conserved cysteine-
X-cysteine (CxC) motif (Madsen et al., 2003; Radutoi et al., 2003; Arrighi et al., 2006), which 
is involved in the formation of disulphide bridges important for correct protein folding and 
localisation (Lefebvre et al., 2012). All available LysMs contain a well-conserved motif, at 
least, over the first 16 amino acid residues; however, the central region is poorly conserved 
except for Isoleucine/Leucine at positions 23 and 30 and the well-conserved asparagine at 
position 27 (Buist et al., 2008).  
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Originally found in bacteria, LysMs are a prevalent protein family in fungi, which produce 
various LysM domain-containing proteins with a diversified amino acid spectrum (Akcapinar 
et al., 2015). In plants, LysM domains are found in LysM receptor-like kinases (RLKs) located 
on the plasma membrane. LysM-RLKs are pattern recognition receptors (PRRs) that perceive 
various types of microbial signals, which may lead to symbiosis or immunity (Gust et al., 2012). 
In rice, the LysM-RLK, Chitin Elicitor Receptor Kinase 1 (CERK1) functions with an unknown 
interactor to perceive chitin-oligosaccharides leading to AM symbiosis (Miyata et al., 2014; 
Zhang et al., 2015). This was supported by experiments showing that oscerk1 mutants treated 
with GSE from R. irregularis failed to efficiently trigger calcium spiking (Carotenuto et al., 
2017), as well as suffered reduced colonisation at the early stages of infection, emphasizing the 
role of OsCERK1 in early symbiotic signalling (Miyata et al., 2014; Zhang et al., 2015). In 
addition, OsCERK1 is involved in immunity signalling, where it cooperates with the LysM 
receptor-binding protein, OsCEBiP to perceive defence-related chitin signals (Kaku et al., 
2006; Shimizu et al., 2010). The Arabidopsis CERK1, a homologue of OsCERK1, is also 
involved in immunity signalling in conjunction with another LysM-RLK known as AtLYK5 
(Miya et al., 2007). However, in contrast to the role of OsCERK1 in AM symbiosis, its 
immunity LysM receptor-like protein (RLP) partner was found not to be required for AM 
symbiosis as cebip mutants triggered calcium spiking in response to AM GSEs (Miyata et al., 
2014) and established normal symbiosis with the AM fungus R. irregularis (Miyata et al., 
2016). This indicates that there is still an unknown symbiotic co-receptor of CERK1 in rice.  
 
Moreover, NFR1 (in Lotus japonicus) and LYK3 in (Medicago truncatula), the closest 
homologues of OsCERK1, are required for Nod factor recognition during rhizobia symbiosis. 
Here, LjNFR1/MtLYK3 form hetero-complexes with LjNFR5/MtNFP to activate the common 
symbiosis pathway (Gough and Cullimore, 2011; Gust et al., 2012; Madsen et al., 2003; 
Radutoiu et al., 2003). Loss-of-function of either LjNFR1 or LjNFR5 led to a complete 
abolishment of all known symbiotic responses to Mesorhizobium loti and to purified Nod 
factors (Madsen et al., 2003; Radutoiu et al., 2003), suggesting that the key kinase activity of 
NFR1 but not NFR5, which lacks an active kinase, is important for transducing intracellular 
signalling required for rhizobia symbiosis. In contrast, LjNFR5, OsNFR5 is not required for 
AM symbiosis as osnfr5 mutants were unable to trigger chitin oscillations in response to AM 
GSEs (Miyata et al., 2014) and established AM symbiosis normally (Miyata et al., 2016). 
Interestingly, the function of another homologue of NFR1/CERK1 known as SILYK10 in 
Solanum lycopersicum (tomato) has been implicated in AM symbiosis (Buendia et al., 2016), 
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suggesting the diverse role of LysM-RLKs in the perception and recognition of Myc- and Nod-
factors.   
 
1.1.7. The common symbiosis signalling pathway (CSSP) 
The successful establishment of AM symbiosis in roots requires the activation of a chain of 
signalling events which lead to extensive transcriptional reprogramming of host cells and 
promotion of AM colonisation. This signalling process is required for both AM and rhizobia-
legume symbioses, and is therefore called the Common Symbiosis Signalling Pathway, CSSP 
(Kistner and Parniske, 2002).  Central to the CSSP is the generation of nuclear calcium spiking 
in the host cell in response to symbiotic (Myc-factors from AM fungi or Nod-factors from 
rhizobia bacteria) signal perception at the plasma membrane by lysine-motif (LysM) receptor 
kinases. This leads to the activation of the calcium-and calmodulin-dependent protein kinase 
(CCaMK) in the nucleus, which in turn, activates transcriptional changes downstream of the 
CSSP (for review see Gutjahr and Parniske 2013; Oldroyd 2013). Interestingly, plants carrying 
a mutation in components of the CSSP often do not establish successful symbioses with AM 
fungi or rhizobia bacteria (Catoira et al., 2000; Kistner et al., 2005), emphasizing the crucial 
role of the CSSP in establishing symbiosis. 
 
The common symbiotic signalling pathway involves an early signal transduction cascade 
mediated by several shared components. In Lotus japonicus, these components include 
SYMRK (a receptor-like kinase), three nucleoporins (NUP85, NUP133 and NENA), CASTOR 
and POLLUX (cationic channels located on the nuclear envelope) and CCaMK (a nuclear 
calcium- and calmodulin-dependent kinase) and CYCLOPS (a substrate of CCaMK) (for 
review, see Oldroyd 2003). Additional CSSP components characterized in Medicago truncatula 
include 3-Hydroxy-3-Methylglutaryl CoA Reductase 1, HMGRI, a key enzyme in the 
mevalonate biosynthetic pathway (Kevei et al., 2007) and MCA8, a nuclear envelope-localised 
SERCA-type Ca2+ATPase (Capoen et al., 2011; for review, see Genre and Russo, 2016). Both 
mevalonate and Ca2+ act as secondary messengers with the CSSP, either as a product of HMGRI 
or an activator of CCaMK, respectively (Levy et al., 2004; Venkateshwaran et al., 2015). During 
arbuscular mycorrhizal or legume rhizobia symbiosis, nuclear-associated Ca2+ oscillations 
mediate plant responses to the beneficial microbial partners. In the legume Medicago 
truncatula, cyclic nucleotide-gated channels (CNGC15) located at the nuclear envelope, and 
which are permeable to Ca2+ are required for nuclear-localised Ca2+ oscillations and symbiotic 
responses occurring thereafter (Charpentier et al., 2016). It is possible that the location of the 
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CNGC15 proteins permits a targeted nuclear release of the endoplasmic reticulum (ER) Ca2+ 
store (Charpentier et al., 2016). 
 
The symbiosis receptor-like kinase, SYMRK acts upstream of the Nod factor- and Myc factor-
induced calcium signatures occurring in and around the nucleus (Endre et al., 2002; Stracke et 
al., 2002; Kosuta et al., 2008). Notably, calcium signatures are transient elevations in cytosolic 
calcium caused by certain stimuli (Whalley and Knight, 2012). Also known as DMI2 (or 
NORK) in the legume Medicago truncatula, SYMRK encodes a receptor-like kinase that has 
an enzymatically functional kinase domain. Considering its structure and the symbiotic 
phenotypes observed in symrk mutants, SYMRK is thought to be the major entry point into the 
common symbiotic signalling pathway (Reid et al., 2014). As a receptor kinase positioned in 
the plasma membrane, SYMRK can directly or indirectly perceive symbiotic microbial signals, 
which it then transduces via its intracellular kinase domain. Although the exact ligand has not 
been identified, SYMRK responds to different types of extracellular ligands during AM and 
rhizobia symbiosis (for review, see Oldroyd 2013).   
 
Nuclear pore complexes within the CSSP mediate transport of proteins, RNAs and 
ribonucleoprotein particles in and out of the nucleus. Specifically, the nucleoporins, NUP85, 
NUP133 and NENA located in the nuclear pore complex seem to play a role in controlling the 
import of an unknown key CSSP protein. This was demonstrated by mutations in all three 
nucleoporins, which resulted in strong symbiotic phenotypes. For example, mutation in 
NUP133 resulted in a temperature-sensitive nodulation deficient phenotype and absence of 
mycorrhizal colonisation, suggesting that it is involved in a rapid nuclear-cytoplasmic 
communication after host-plant recognition of symbiotic microbes (Kanamori et al., 2006). 
Mutants of NUP85 showed defects in calcium spiking, fungal and bacterial symbioses, as well 
as seed production in Lotus japonicus (Saito et al., 2007), whereas mutation in NENA resulted 
in impaired symbiotic responses of the rhizodermis, where CCaMK-dependent responses were 
abolished (Groth et al., 2010). Other components bound to the nuclear envelope and which 
contribute to calcium spiking (a signal transduction mechanism whereby an external stimuli 
triggers the mobilization of calcium from outside the cell or from intracellular storage pools to 
the cytoplasm) in both AM and Rhizobia symbiosis, are MCA8, the ATP-powered Ca2+ pump 
(Capoen et al., 2011) and the potassium-permeable channels, CASTOR and POLLUX 
(Charpentier et al., 2008). CASTOR and POLLUX set the voltage to open the Ca2+ channel and 
are thought to compensate for the charge imbalance resulting from the release of calcium during 
calcium spiking from CNGC15 proteins (Charpentier et al., 2016) and perhaps, other 
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unidentified nuclear envelope lumen-channels. MCA8 activity helps to re-establish basal 
nuclear Ca2+ concentration at the end of each peak (for review, see Genre and Russo, 2016).  
 
Within the nucleus, CCaMK forms a complex with the phosphorylation substrate, CYCLOPS, 
and in conjunction with calmodulin, the CCaMK-CYCLOPS complex may decode the 
symbiotic calcium signatures (Shimoda et al., 2012; Miller et al., 2013; Poovaiah et al., 2013; 
Yano et al., 2008). When phosphorylated, CYCLOPS can regulate gene expression either 
directly such as through NIN (NODULE INCEPTION) promoter (Singh et al., 2014) or through 
the action of other transcription factors such as NSP1, NSP2 and RAM1 (Oldroyd, 2013). The 
essentiality of CCaMK for both nodulation and AM symbiosis was demonstrated by the 
induction of symbiotic processes during CCaMK activation as gain-of-function mutants of 
CCaMK induced nodulation in the absence of Rhizobia, as well as promoted pre-penetration 
structures associated with mycorrhizal colonisation (Gleason et al., 2006; Tirichine et al., 2006; 
Takeda et al., 2012). Considering other effects initiated by CCaMK activation, such as the 
redundancy of upstream components of the CSSP, CCaMK activation is deemed the sole 
purpose of the symbiotic calcium oscillations (Hayashi et al., 2010; Madsen et al., 2010; 
Oldroyd, 2013). Notably, CCaMK activation requires direct calcium binding to EF hand motifs 
at the carboxyl terminus of the protein and calcium binding in a complex with calmodulin 
through a calmodulin-binding domain located adjacent to the kinase domain (for review, see 
Oldroyd, 2013).  
 
In AM symbiosis, the common symbiosis pathway controls fungal penetration and entry into 
the epidermal cell, as well as subsequent entry into the root cortex. Gutjahr et al. (2008) showed 
impairments in AM interactions and alterations in AM-specific gene expression patterns in 
Oryza sativa (rice) mutants defective in genes upstream (CASTOR and POLLUX) and 
downstream (CCaMK and CYCLOPS) of the central calcium-spiking signal in the common 
symbiosis signalling pathway. This result demonstrated functional conservation of common 
symbiosis signalling between distant plant species. 
 
Furthermore, the involvement of CCaMK and CYCLOPS in downstream signalling processes 
leading to symbiosis has been proposed. It is thought that both components act in conjunction 
with the GRAS (Gibberellic-Acid Insensitive, Repressor of GAI and SCARECROW)-domain 
regulatory protein, DELLA, to positively regulate symbiosis (Floss et al., 2013; Jin et al., 2016). 
As repressors of gibberellin responses, DELLA proteins are central to the regulation of 
gibberellin signalling. This was demonstrated by the inhibition of AM formation upon treatment 
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with gibberellin, which resulted in della mutant-like phenotypes in Pisum sativum (El 
Ghachtouli et al., 1996), Medicago truncatula (Floss et al., 2013), and Lotus japonicus (Takeda 
et al., 2015).  
 
Studies have indicated that DELLA probably functions at multiple stages of arbuscule 
development, especially since the AM phenotypes of the M. truncatula della1-della2 double 
mutants and the della1-della2-della3 triple mutants were indistinguishable, in that both allowed 
the formation of intra-radical hyphae but hardly any arbuscules (Floss et al., 2013; Floss et al., 
2017). The very few arbuscules seen in the mutants showed a wild-type-like degree of 
branching, indicating that mutations in the DELLA proteins affect arbuscule initiation rather 
than branching (Floss et al., 2013). Although, it is still not very clear at what stage (e.g. the pre-
penetration apparatus, PPA or trunk formation or first order branching stages), DELLA proteins 
act in arbuscule initiation, findings by Ivanov and Harrison (2014) showed that DELLA 
proteins are not required for signalling leading to repositioning and enlargement of the nucleus 
during hyphal entry into cortical cells. During AM symbiosis, nuclei in the cortical cells, which 
are in contact with intracellular hyphae move towards the site of contact with hypha. This 
repositioning, which is accompanied by the nuclear enlargement is found to be independent of 
CCaMK (Genre et al., 2005), and perhaps, the CCaMK-CYCLOPS-DELLA complex, possibly 
due to its independence of transcriptional regulation (for review see Pimprikar and Gutjahr, 
2018).  
 
DELLA proteins also promote nodule development and the formation of infection threads 
during root nodule symbiosis (Jin et al., 2016). Jin et al. (2016) showed that DELLAs can 
promote CCaMK-IPD3/CYCLOPS complex formation and increase the phosphorylation of 
IPD3/CYCLOPS. Phosphorylated CYCLOPS was shown to bind the promoter of NIN (Nodule 
Inception Protein) and induce nodulation in the absence of rhizobia (Singh et al., 2014). 
Interestingly, DELLAs were found to form a protein complex with NSP2 (Nodulation 
Signalling Pathway 2)-NSP1(Nodulation Signalling Pathway 1) and shown to bridge a protein 
complex containing IPD3/CYCLOPS and NSP2 (Jin et al., 2016). NSP1 and NSP2 encode 
GRAS domain transcription factors and function downstream of the CSSP. They were 
previously thought to have nodulation-specific functions until a recent study showed that NSP2 
is also required for LCO signalling during arbuscular mycorrhization. nsp2 mutants showed a 
much slower onset of AM colonisation (Maillet et al., 2011), whereas Medicago nsp2 mutants 
showed more severe phenotypes including absence of infection and cortical cell division 
following inoculation with Sinorhizobium melloti (Oldroyd and Long, 2003). These differences 
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in the severity of phenotypes point towards the possible redundancy of NSP2 function during 
AM symbiosis, which then implies that there are other GRAS domain transcription factor genes 
that may play a similar role to NSP2 during AM colonisation. In contrast to this is NSP1, which 
has a specific function during nodulation and Nod factor signalling and has not been found to 
function during mycorrhizal colonisation (Catoira et al, 2000). Despite the differences, both 
NSP1 and NSP2 regulate strigolactone biosynthesis in Medicago and rice (Liu et al., 2011), 
although this does not explain the phenotypic differences seen in their respective mutants. A 
possible explanation is that both transcription factors have very closely associated roles 
associated with AM and rhizobia symbiosis (for review, see Oldroyd 2013).   
 
Other transcription factors required for symbiosis include Reduced Arbuscular Mycorrhization 
1, RAM1 (Gobbato et al., 2012), Required for Arbuscule Development, RAD1 (Xue et al., 
2015), Ethylene Response Factor 1, ERF1 (Devers et al., 2013), and Mycorrhiza Induced 
GRAS1, MIG1 (a DELLA-interacting protein) (Yu et al., 2014). RAM1 was the first 
transcription factor found to specifically function in mycorrhizal signalling (Gobbato et al., 
2012). RAM1 encodes a GRAS transcription factor and is located downstream of CCaMK, 
CYCLOPS and DELLA. Plants carrying a mutation in RAM1 failed to be colonised by 
mycorrhizal fungi and suffered a defect in hyphopodia formation on the root surface (Gobbato 
et al., 2012). Similar to NSP2, RAM1 was found to be important for Myc-LCO-induced root 
branching (Maillet et al., 2011; Gobbato et al., 2012), but did not seem to have a role in Nod 
factor signalling, suggesting that the transcription factor only acts in mycorrhizal signalling. 
RAM1 regulates the expression of RAM2 (Required for Arbuscule Mycorrhization 2), a 
glycerol-3-phosphate acyltransferase that promotes cutin biosynthesis, which enhances 
hyphopodia formation (Wang et al., 2012). However, recent studies have shown that RAM1 is 
not absolutely required for initial entry and spreading of fungal hyphae in roots but is definitely 
required for arbuscule development in inner cortical cells at later stages of colonisation (Rich 
et al., 2015; Xue et al., 2015; Pimprikar et al., 2016). Interestingly, the interaction of RAM1 
and NSP2 supports the notion that the regulation of GRAS domain complex formation precedes 
activation of mycorrhizal or nodulation responses. A possibility is that a complex formation 
between NSP1-NSP2 may promote rhizobium-specific responses, whereas a RAM1-NSP2 
complex promotes mycorrhiza-specific responses (Oldroyd, 2013). Recent findings also 
suggest that RAM1 is required for the up-regulation of genes involved in lipid biosynthesis and 





1.2. Plant-parasitic microbe interactions  
Plants have distinct associations with detrimental microorganisms, which fully exploit the 
capacity of plants to produce photosynthetic products for their own growth and proliferation. 
Plant pathogens remain a major challenge to global food security because of their consequential 
effects on crop yield and quality. Plant roots are surrounded by a wide range of pathogens, 
which can range from bacteria to fungi to oomycete pathogens. Although some pathogens only 
interact with specific crops via the leaf or root, the filamentous ascomycete foliar pathogen 
Magnaporthe oryzae can associate with rice via the leaf and the root. Designated a foliar 
pathogen, M. oryzae seems to preferentially invade rice through the leaf, where it causes 
necrotic disease lesions within a short time. This is unlike in the root, where it appears to adopt 
an endophytic lifestyle, invading rice root cells with no loss of host cell viability, at least, for a 
prolonged period (Sesma and Osbourn, 2004; Marcel et al., 2010). The fact that M. oryzae can 
colonise rice roots, makes it an attractive root-infecting fungus to compare genetic 
commonalities with the symbiont R. irregularis.  
 
1.2.1. Magnaporthe oryzae rice leaf infection strategy 
Magnaporthe oryzae is a devastating pathogen that infects the aerial parts of rice plants causing 
rice blast, a major deleterious disease that can destroy up to 30% of cultivated rice in the field 
annually (Wilson and Talbot, 2009; Fisher et al., 2012). It can also cause disease on a variety 
of alternative hosts such as finger millet Eleusine coracana, a major source of nutrition and 
essential minerals such as calcium, phosphorous and iron in rural communities in poorer 
countries of the world. In finger millet, M. oryzae causes finger millet blast, which leads to a 
complete harvest loss before grain formation. It also causes disease in wheat, which is a major 
challenge in wheat fields in countries such as Brazil (for review, see Talbot, 2003).  
M. oryzae is a hemi-biotrophic pathogen, which combines both biotrophic and necrotrophic 
features during rice leaf infection. Its infection developmental pattern on the leaf are similar to 
those observed in many foliar fungal pathogens, whereby tissue infection is initiated when an 
asexual spore or conidium is attached to the cuticle of the rice leaf surface by a spore tip 
mucilage or adhesive found in an apical compartment of the spore (Tucker and Talbot, 2001; 
Hamer et al., 1988, Talbot 2003). Mature conidia are three-celled, pyriform with a basal 
appendage at the point of attachment to the conidiophore. Spore germination is facilitated by 
the presence of free water, and conidiophores are carried from plant to plant by dewdrops 
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(Hamer et al., 1988). Upon germination of the conidium with two hours of landing on the plant 
leaf surface, a polarized germ tube is formed, typically from one of the apical cells of the 
conidium. The germ tube then develops into a heavily melanized special infection cell called 
an appressorium. It is thought that the developmental processes between the formation of the 
germ tube and appressorium constitutes the recognition phase because the characteristics of the 
substratum are monitored prior to commitment to appressorium development (Bourett and 
Howard, 1990). M. oryzae invades rice tissues using a penetration peg which develops from the 
appressorium to pierce the cell surface and enter the epidermal cell (Tucker and Talbot, 2001; 
Wilson and Talbot, 2009). As the fungus spreads within and between plant cells, it swells and 
within four days, it produces eyespot-shaped lesions containing thousands of spores, which 




Figure 1.3: Life cycle of the rice blast fungus Magnaporthe oryzae. Fungal infection begins when 
conidium (1) attaches itself to the leaf surface by the spore tip mucilage. This leads to the formation of 
a germ tube (2), which then forms a melanized appressorium (3). From the appressorium develops a 
penetration peg (5), which pierces the leaf surface and allows fungal entry and proliferation inside host 
tissue cells (5). As the fungus spreads within and between plant cells, it swells and within four days, it 
produces eyespot-shaped lesions containing thousands of spores, which invade new tissues daily (6). 








1.2.2. Appressorium formation 
The appressorium is a key infection structure used by M. oryzae to penetrate rice leaf tissue and 
cause disease in the plant. It utilizes a mechanical force to rupture the leaf cuticle, which allows 
a narrow hypha to enter the underlying epidermal cells. Appressorium development involves a 
highly coordinated process involving the perception of both physical and chemical cues from 
the plant leaf surface, as well as both nuclear and cell division (Ryder and Talbot, 2015). 
Perception of hydrophobicity and surface hardness is necessary to initiate appressorium 
development, but also, fungal response to wax monomers such as 1,16-hexadecanediol can 
induce the development of an appressorium on the leaf surface (Wilson and Talbot, 2009). In 
addition, cell cycle control is crucial to the development of appressoria (Veneault-Fourrey et 
al., 2006). This is seen with the conidium, which consists of three cell layers, each with a single 
nucleus and the cell from which the germ tube emerges. Prior to appressorium development, 
each of these cell layers undergoes a single round of nuclear division whereby the conidial 
nucleus enters into the DNA replication or the S-phase (Saunders et al., 2010). Subsequent entry 
of the nucleus into G2 and mitosis leads to appressorium maturation and melanisation. Without 
mitosis, appressorium development will be hindered (Veneault-Fourrey et al., 2006). After 
mitosis, nuclear migration and appressorium formation, the conidium undergoes autophagic, 
programmed cell death, at which point the nuclei are degraded (Veneault-Fourrey et al., 2006; 
Kershaw and Talbot, 2009).  
 
The final and functionally significant stages of appressorium development is the deposition of 
a cell wall layer containing melanin. Melanin is located outside the plasma membrane and 
deposits a dark pigmentation to the appressorium as observed microscopically (Howard and 
Valent, 1996). After appressorium expansion and melanisation, the penetration peg emerges 
and perforates the host surface, allowing the contents of the appressorium into cells of the leaf 
epidermis. Following penetration of the leaf cuticle and cell wall, the penetration peg swells 
and becomes the primary infection hypha, which eventually differentiates into a highly 








1.2.3. The Extra-Invasive Hyphal Membrane (EIHM) 
During biotrophic growth, the proliferating fungal hyphae, also known as the extra-invasive 
hyphae become surrounded by the plant plasma membrane. This forms the extra-invasive 
hyphal membrane (EIHM), a highly specialized plant plasma membrane-independent 
compartment (Kankanala et al., 2007) believed to be the site for fungal nutrient uptake, fungal 
modulation of plant metabolism and cell signalling through effector secretion (Martin-Urdiroz 
et al., 2016). Effectors are secreted proteins that can shield the fungus or pathogen, suppress 
the host immune response or manipulate host cell physiology (for review, see Presti et al., 
2015).  
 
The availability of vital stains such as fluorescein diacetate (FDA) and propidium iodide (PI) 
has facilitated investigation of the fungal-host cell membrane dynamics, especially during the 
biotrophic and necrotrophic phases of M. oryzae rice leaf infection. During the biotrophic 
phase, the fungus occupies single living rice cells without any evidence of loss of host cell 
viability, but when it switches to the necrotrophic phase, rice cells lose viability and quickly 
form disease lesions, which contain viable spores that eventually germinate and allow the 
fungal life cycle to start again (Perfect and Green, 2001; Talbot, 2003, for review, see Xia and 
Talbot, 2016). M. oryzae expresses many low molecular-weight biotrophy-associated secreted 
(Bas) proteins including known effectors that suppress plant immunity and promote pathogen 
growth during the early stages of infection (Valent and Khang, 2010). Using two distinct 
secretion systems, M. oryzae targets two effectors during plant infection (Giraldo et al., 2013). 
Cytoplasmic effectors are delivered into the host cells, and preferentially accumulate in the 
biotrophic interfacial complex or BIC, whereas apoplastic effectors are generally dispersed and 
retained within the extra-invasive hyphal membrane (EIHM) compartment, where they outline 
the entire invasive hyphae (Figure 1.4) (Giraldo et al., 2013). Notably, BIC is a new plant 
membrane-rich structure associated with invasive hyphae (IH) and linked to a new form of 
secretion involving exocyst components and the Saccharomyces cerevisiae Sso1 t-SNARE 









Figure 1.4: Schematic representation of a pseudohyphal-like bulbous invasive hypha in a first-
invaded rice cell. Cytoplasmic effectors show preferential accumulation in the BIC (magenta), which 
is first located in front of the growing primary hyphal tips, and then remains behind beside the first-
differentiated bulbous invasive hyphae (IH) cell (not shown). Typical accumulation patterns for 
cytoplasmic (magenta) and apoplastic (green) effectors are shown within the EIHM compartment 





The distinct localisation patterns of cytoplasmic and apoplastic effectors within the EIHM 
compartment has been linked with filamentous fungal apical hyphal tip growth, which involves 
the Spitzenkörper. The spitzenkörper is considered to be the organising centre where growing 
fungal hyphal tips are fed with vesicles. Vesicle transport to the growing hyphal tips is aided 
by an exocyst complex via a process known as exocytosis. Notably, exocysts are known to 
tether post-Golgi vesicles to the target membrane before exocytic fusion. However, although it 
was thought that hyphal growth and secretion in filamentous fungi occurred exclusively at the 
hyphal tips, advanced live-imaging studies suggest that other processes including non-tip 
directed exocytosis may be involved (Hayakawa et al., 2011; Read, 2011). It is unclear whether 
M. oryzae secretes effectors during intracellular growth in rice roots, but this can be determined 
with live-cell imaging of M. oryzae transformed with cytoplasmic and apoplastic effector 
markers (Giraldo et al., 2013).  
 
 
1.2.4. Rice root colonisation by Magnaporthe oryzae 
In addition to colonizing rice leaf tissue, M. oryzae can also colonise rice root cells. M. oryzae 
belongs to the family Magnaporthaceae, which includes two other detrimental ascomycete 
pathogens (Gaeumannomyces graminis var. tritici and Magnaporthe poae) of great economic 
importance. M. oryzae causes the devastating rice blast disease, whereas G. graminis leads to 
the take-all disease in wheat and other grasses and M. poae causes the summer patch disease in 
turf grasses. For a long time, it was thought that M. oryzae rice tissue invasion was solely via 
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leaf infection, however, experimental studies showed that the fungus can undergo a range of 
developmental processes that are typical of root pathogens and successfully colonise the root 
tissue (Sesma and Osbourn, 2004). Using green fluorescent protein (GFP)-tagged M. oryzae 
strains and chlorazole black E staining, Sesma and Osbourn (2004) investigated the 
developmental processes associated with root infection and observed the formation of hyphal 
swellings on the root surface. The hyphal swellings resembled hyphopodia, which are formed 
on root surfaces by root-infecting fungi such as Rhizophagus irregularis. However, unlike the 
appressorium formed on leaf surfaces by foliar pathogens, which were melanised, the 
hyphopodia-like structure formed by M. oryzae on the root surface was melanin-deficient.  
 
Since melanised appressoria are a requirement for successful penetration of leaf tissue by M. 
oryzae (Chumley and Valent, 1990), it was crucial to investigate whether melanin is also 
required for successful root penetration. By inoculating barley leaves with green fluorescent 
protein (GFP)-expressing transformants of melanin-deficient non-pathogenic (Chumley and 
Valent, 1990) and pathogenic (Valent et al., 1991) strains of M. oryzae, it was found that the 
non-pathogenic mutant was unable to form a melanised appressorium, and therefore, could not 
penetrate barley leaves. However, both strains caused disease lesions on barley root, and both 
the wild-type and melanin-deficient mutant strains penetrated the root with simple hyphopodia-
like structures (Sesma and Osbourn, 2004).  
 
Furthermore, unlike in leaf infection where M. oryzae simultaneously combines both biotrophic 
and necrotic features, the pathogen exhibits a prolonged biotrophic life style in the root. M. 
oryzae can proliferate intracellularly and with no symptoms in the root for a prolonged period 
(at least eight days post inoculation), spreading across the root tissue without causing any loss 
of host cell viability (Marcel et al., 2010). Fungal root infection was associated with the plant-
derived extra-invasive hyphal membrane (Figure 1.5) that envelopes the fungus throughout 







Figure 1.5: Live-cell confocal image of a GFP-expressing M. oryzae inside rice root cells. Invasive 
hypha is surrounded by a plant-derived EIHM (white dotted line), which envelopes the fungus 
throughout intracellular growth. The fungus crosses over from cell to cell, with slight constrictions at 
cell wall junctions, but with no loss of host cell viability. Propidium iodide (PI, red) was used to stain 




When compared with other root-infecting fungi such as G. graminis (take-all fungus), M. 
oryzae exhibited similar features including the formation of an extensive surface colonisation 
and dark runner hyphae on barley roots. Both intra- and intercellular growth of M. oryzae were 
seen in the epidermal and cortical cell layers of the root following penetration. Thick and 
bulbous intracellular hyphae were also seen inside the root, with constrictions at junctions 
where the fungus crossed the plant cell wall (Sesma and Osbourn, 2004). Interestingly, the 
fungus spread from rice roots to the aerial tissues where it caused disease, an observation that 
was consistent with the blast symptoms seen in the aerial parts of up to 10% of the rice seedlings 
under laboratory conditions (Sesma and Osbourn, 2004). Further investigation with the root-
infecting fungus Fusarium oxysporum confirmed that M. oryzae has a common shared genetic 
mechanism with other root-infecting fungi. For instance, the deletion of MgFOW1, a predicted 
mitochondria carrier protein shown to condition root infection in R. oxysporum, led to a 
significant reduction of root browning and colonisation of rice root surface by M. oryzae in the 
mutant relative to the wild-type. However, unlike in the wild-type where fungal hyphal growth 
progressed normally beyond the root surface to the interior layers, mgfow1 mutant hyphal 
growth was restricted at the second cell layer. This phenotype (along with the reduced root 
browning) was restored by complementation with the MgFOW1 gene, emphasizing a genetic 
similarity between M. oryzae and other root-infecting pathogens (Sesma and Osbourn, 2004). 
These findings highlight the similarities and differences between M. oryzae rice root versus leaf 
infection, and M. oryzae versus other root-infecting pathogens. The challenge though, is to 
identify shared genetic elements for rice root invasion by M. oryzae and the endosymbiont R. 
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irregularis as this will help us to better understand whether the pathogen has possibly recruited 
plant programmes established in the ancient symbiosis to advance its invasion of the host cell. 
 
 
1.2.5. Shared genetic elements between mutualistic and parasitic plant-microbe 
interactions 
Except for knowledge about the non-melanised hyphopodia formation on rice root surface prior 
to invasion by both fungi, not much is known about genetic commonalities in both interactions. 
This also applies widely within the field of plant-microbe interactions, where very few 
examples of shared elements between mutualistic and parasitic root interactions have been 
provided. The few known examples have mainly been cited in legume-parasitic microbe 
interactions (e.g. Nod Factor Perception or NFP, Reduced Arbuscular Mycorrhization 2 or 
RAM2, and Required for Arbuscule Development 1 or RAD1) with one in rice (CERK1). 
Accordingly, NFP is required for symbiotic signalling in M. truncatula and resistance against 
the pathogen Aphanomyces euteiches (Rey et al., 2013), a soilborne biotrophic oomycete 
pathogen responsible for pea root rot disease (Gaulin et al., 2007). RAM2 functions in 
hyphopodia and arbuscule development during AM symbiosis, as well as appressoria formation 
in the oomycete pathogen P. palmivora (Wang et al., 2012; Gobbato et al., 2013), and RAD1 is 
implicated as a host susceptibility factor required for root colonisation by unrelated filamentous 
symbionts and pathogens (Rey et al., 2017). In the monocotyledonous plant, O. sativa, CERK1 
serves as a common co-receptor for both symbiosis (Miyata et al., 2014; Zhang et al., 2015) 
and plant immunity signalling (Kouzai et al., 2014). These findings support the existence of a 
shared genetic role between symbiotic and pathogenic microbe interactions, but studies in rice, 
a major staple cereal for more than half of the world’s population, will provide useful insight 
that may contribute to the development of more effective disease control strategies against rice 
diseases.  
 
1.3. Research Hypothesis  
Based on information available in the literature and insights provided by my experimental 
results, I propose that ‘Common mechanisms of accommodation exist for both mutualistic 
(Rhizophagus irregularis) and pathogenic (Magnaporthe oryzae) fungi in rice roots’. This 




1.4. Research Objectives 
The aim of this project was to identify common genetic requirements for the accommodation 
of both mutualistic (Rhizophagus irregularis) and detrimental (Magnaporthe oryzae) fungi in 
rice roots. It involved two comparative approaches. First, a targeted approach to investigate the 
role of Oryza sativa CERK1 and other plasma membrane receptor kinases (OsNFR5) and 
protein (OsCEBiP) during rice root colonisation by R. irregularis and M. oryzae (Chapter 2). 
Second, an untargeted approach to identify genes of functional relevance for the 
accommodation of both fungi in rice roots (Chapter 3). To better understand the role of the plant 
plasma membrane receptors, OsCERK1, OsNFR5 and OsCEBiP during rice root invasion by 
R. irregularis and M. oryzae, a phenotypic examination was performed using corresponding 
loss-of-function mutant roots (oscerk1, osnfr5 and oscebip) colonised by both fungi, 
respectively. This included mycorrhizal quantification experiments to determine the level of 
fungal colonisation in wild-type and mutant roots and live-cell confocal imaging to identify 
possible morphological aberrations in both fungi during rice root invasion. In addition, 
quantitative PCR-based molecular analysis was performed to monitor the expression levels of 
arbuscular mycorrhizal (AM) marker genes as well as to measure the biomass of M. oryzae in 
colonised and non-colonised wild-type and mutant roots.  
 
The second experimental objective focused on identifying genes of functional relevance for the 
accommodation of R. irregularis and M. oryzae in rice roots (Chapter 3). It involved a 
computational comparison of whole genome transcriptomics data from rice roots during 
interaction with R. irregularis and progressive root infection by M. oryzae. It led to the selection 
of five candidate genes that are strongly co-upregulated during rice root colonisation by both 
beneficial and detrimental fungi. The functional roles of the gene candidates were then assessed 
using a reverse genetics approach utilising T-DNA insertion mutants for two gene candidates 
(OsExo70-H3b and OsLecRLK) and self-generated multiplex CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats)-CRISPR-associated protein (Cas9) mutants for three 
rice gene candidates (OsDUF538_07g02880, OsDUF538_07g02920 and 
OsDUF538_11g38210).  Notably, the OsDUF538 genes are members of a superfamily of 
genes. Using a single guide RNA, up to nine OsDUF538 genes were successfully edited in one 





Taken together, the experimental approaches applied in this study led to the identification of 
the novel roles of three plant plasma membrane receptors, OsCERK1, OsNFR5 and OsCEBiP 
as potential regulators of M. oryzae rice root invasion. It also led to the identification of a new 
common set of genes that are associated with rice root colonisation by both beneficial and 
detrimental fungi. Findings made here will facilitate our understanding of new and/or existing 
plant accommodation programmes shared between symbiotic and detrimental fungi and how 
this may be optimised or modified to improve crop improvement and disease control strategies 






































The Role of Chitinaceous Signal Receptors during Rice Root Invasion by 






Plants recognize pathogen species through the perception of the main components of their cell 
wall, which are chitin in fungi and β-glucans in oomycetes (Boller and Fellix, 2009). Similarly, 
flagellin, elongation factor Tu (EF-Tu), lipopolysaccharides and peptidoglycans are archetypal 
bacterial molecules recognized by the plant immune system (Boller et al., 2009). During 
bacterial infection, PAMP (Pathogen Associated Molecular Pattern)-Triggered Immunity (PTI) 
is initiated through the perception of bacterial flagellin protein via an induced receptor complex 
consisting of the leucine-rich repeat (LRR) receptor kinases, Flagellin-Sensitive 2 (FLS2) and 
BRI1-Associated Kinase 1 (BAK1) (Gómez-Gómez and Boller, 2000; Heese et al., 2007; 
Chinchilla et al., 2007). FLS2 was first discovered in the model plant Arabidopsis thaliana, and 
is involved in the recognition of flagellin through the direct binding of the elicitor-active 
epitope, flg22, a peptide spanning a conserved stretch of 22 amino acid residues situated close 
to the N terminus of flagellin (Felix et al., 1999; Chinchilla et al., 2006; Sun et al., 2013).  
 
Most higher plants seem to recognize flg22 (Boller and Felix, 2009), and functional orthologues 
of FLS2 have been found in a wild relative of tobacco (Nicotiana benthamiana) (Hann and 
Rathjen, 2007), rice (Oryza sativa) (Takai et al., 2008), tomato (Solanum lycopersicum) 
(Robatzek et al., 2007), and grapevine (Vitis vinifera) (Trdá et al., 2014). In rice, OsFLS2 is 
highly homologous to AtFLS2 and functions in flg22 recognition (Takai et al., 2008). The 
expression of OsFLS2 in Arabidopsis fls2 mutants restored the induction of immune responses 
after treatment with flg22, indicating the conservation of flg22-FLS2 signalling in 
monocotyledons and dicotyledons (Takai et al., 2008). Following FLS2 recognition of bacterial 
flagellin, FLS2 forms a receptor complex with BAK1 to initiate immune signalling. Although 
it is unclear how the FLS2-BAK1 receptor complex functions to activate downstream 
intracellular signalling cascades, a receptor-like cytoplasmic kinase BIK1 (Botrytis-Induced 
Kinase 1) is identified as an essential component in the MAMP signal transduction (Lu et al., 
2010). Activation of the FLS2-BAK1 complex leads to the subsequent phosphorylation of 
BIK1. In return, BIK1 phosphorylates BAK1 and FLS2 (Lu et al., 2010), and then disassociates 
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from the BAK1-FLS2 receptor complex. Upon disassociation, BIK1 phosphorylates the 
respiratory burst oxidase homologue protein B/D (RBOHB/D), which activates its function and 
stimulates the production of reactive oxygen species (ROS). Elevation of ROS triggers the 
initiation of Ca2+ influx, which is perceived and decoded by Ca2+ binding proteins serving as 
Ca2+ sensors (Yuan et al., 2017).  
 
Calcium is an essential signal for PAMP-triggered immunity in plants (Zipfel and Oldroyd, 
2017; Yuan et al., 2017). In Arabidopsis, two genes encoding cyclic nucleotide-gated channel 
(CNGC) proteins, CNGC2 and CNGC4 have been linked to PAMP-induced calcium signalling 
(Yuan et al., 1998; Ali et al., 2007; Tian et al., 2019). In the absence of pathogens, CNGC2 and 
CNGC4 assemble into a functional calcium channel that is blocked by calmodulin at the resting 
state (Tian et al., 2019). However, in response to flg22, the channel becomes phosphorylated 
and activated by BIK, triggering an increase in the concentration of cytosolic calcium, and 
thereby activating calcium-based defence responses (Lu et al., 2010; Li et al., 2014; Ranf et al., 
2014). This CNGC-mediated calcium entry is believed to provide a useful link between the 
PAMP-PRR complex and calcium-dependent events in the PTI signalling pathway (Tian et al., 
2019). 
 
Furthermore, the perception of chitin oligosaccharides (β-1,4-linked polymers of N-
acetylglucosamine, GlcNAc with various degrees of polymerization) can induce symbiotic or 
immunity signals, and the induction of either of the signals depends on the length or lipid 
modification on the chitin oligosaccharide backbone. For example, chitin oligosaccharide 
hexamers or octamers are potent inducers of immune responses (Boller et al., 2009), whereas 
tetramers (CO4) and pentamers (CO5) induce symbiotic responses for AM and Rhizobia 
symbiosis, respectively (Genre et al., 2013; Liang et al., 2014). Notably, Myc- and Nod-factors 
are derivatives of chitin oligosaccharides, but with a lipid tail on the chitin oligosaccharide 
backbone, giving rise to lipo-chitooligosaccharides (LCOs). Rhizobia bacteria, for instance, 
produce a variety of modified Nod-LCOs, which differ in their chitin oligosaccharide chain, 
lipid acylation, and the presence of modifications (e.g. sulfation, acetylation and fucosylation), 
which possibly contribute to the plant host specificity (for review, see Zipfel and Oldroyd, 
2017). Unlike Rhizobia symbiosis, which is established upon perception of Nod-LCOs, 
initiation of AM symbiosis is thought to involve a well-coordinated perception of a mixture of 
LCO and chitin oligosaccharide molecules. These unique characteristics continue to raise 
questions about how plants discriminate between chitin oligosaccharide-containing molecules 




During pathogen attacks, plants launch at least two lines of active defence. The first line of 
defence is a basal defence against all potential pathogens known as PAMP-triggered immunity 
(PTI) and the second is the Effector-Triggered Immunity (ETI). ETI is triggered once the basal 
defence system is overcome by pathogens. It involves the perception of fungal effector proteins 
by cognate resistance (R) proteins, which activates ETI, and consequently, elicits a rapid and 
robust defence response in plants, including hypersensitive responses (Flor 1942; for review 
see De Wit et al., 2009). To counter or suppress ETI responses in plants, pathogens mutate their 
effectors or evolve new ones, which are also recognized by novel R proteins produced by the 
plant (De Wit, 2007; Jones and Dangl, 2006). Over the last two decades, successful molecular 
cloning of avirulence (AVR) genes from different microorganisms, including bacteria, fungi 
and oomycetes have increased our understanding of plant-microbe interactions. For example, 
an M. oryzae non-AVR effector protein named Secreted LysM Protein 1 (Slp1) was found to 
overcome the first line of plant defence during M. oryzae leaf infection (Mentlak et al., 2012). 
Slp1 accumulates at the interface between the fungal cell wall and the rice plasma membrane 
and can bind chitin, as well as suppress chitin-induced plant immune responses, including the 
generation of reactive oxygen species and plant defence gene expression (Mentlak et al., 2012). 
Interestingly, Slp1 competes with the LysM receptor-like protein (RLP), Chitin Elicitor Binding 
Protein (CEBiP) for chitin oligosaccharides, thereby preventing PTI in rice, consequently, 
accelerating fungal tissue invasion and disease lesion expansion (Mentlak et al., 2012).  
 
PTI involves the recognition of PAMPs via their corresponding Pattern Recognition Receptors 
(PRRs), which are situated on the surface of the plant’s plasma membrane, and this activation 
prevents further colonisation and infection of the host plant (De Wit, 2007; Jones and Dangl, 
2006). Chitin is one of the best-known fungal PAMPs. In both monocotyledonous and 
dicotyledonous plants, chitin oligosaccharides can be recognized by surface receptors such as 
the lysine motif (LysM) receptor-like kinases (RLKs), CERK1 or receptor-like proteins (RLPs) 
such as CEBiP. Excitingly, CERK1 has been shown to be indispensable for the perception of 
chitin oligosaccharides and related signals that lead to symbiosis or immunity (Miyata et al., 
2014; Zhang et al., 2014).  
 
In Arabidopsis, AtCERK1 forms a heteromeric complex with another LysM-RLK known as 
AtLYK5 (and LYK4, a paralogue of LYK5) to perceive and elicit chitin signals (Miya et al., 
2007; Zipfel and Oldroyd, 2017). AtCERK1 is a receptor kinase localized in the plant plasma 
membrane and consists of three lysine motifs in the extracellular region and the Ser/Thr kinase 
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domain in the intracellular region (Miya et al., 2007). Miya et al. (2007) showed that knockout 
mutants of atcerk1 lost their ability to respond to chitin, and this hampered MAP kinase 
activation, generation of reactive oxygen species and gene expression. Although several studies 
suggest that AtCERK1 is the primary chitin receptor (Miya et al., 2007; Wan et al., 2008; Iizasa 
et al., 2010; Petutschnig et al., 2010; Liu et al., 2012; Shinya et al., 2012), Cao et al. (2014) 
strongly suggested that AtLYK5 is the primary receptor for chitin. Mutants of AtLYK5 showed 
a significant reduction in chitin response, suggesting that AtLYK5 is the primary chitin 
receptor, which forms a complex with AtCERK1 to induce plant innate immunity (Cao et al., 
2014).  
 
In rice, OsCERK1 and OsCEBiP form a heteromeric complex to perceive chitin 
oligosaccharides in the case of defence responses (Shibuya et al., 2001; Shimizu et al., 2010, 
Kouzai et al., 2014). During symbiosis, OsCERK1 interacts with an unknown partner to induce 
early symbiotic signalling responses. By inoculating oscerk1 knockout (Miyata et al, 2014) and 
RNAi (Zhang et al., 2015) mutant roots with the AM fungus R. irregularis, a reduction in the 
level of fungal colonisation in the mutant was observed at the early stages (15 days post 
inoculation, dpi) of colonisation. Phenotypically, Miyata et al. (2014) observed frequent 
formation of a cluster of hyphopodia from one extraradical hypha on the root surface, but no 
internal hypha or arbuscule development in the roots at 15 dpi. The study however, claimed 
that all observed phenotypes vanished with prolonged AM fungi and oscerk1 root cultivation, 
suggesting that OsCERK1 functions in early AM symbiotic signalling processes. In contrast, 
oscebip, as well as osnfr5 established AM symbiosis normally (Miyata et al., 2014; Miyata et 
al., 2016), suggesting that both OsCEBiP and OsNFR5 are not required for AM symbiosis.  
 
CEBiP is a plasma membrane glycoprotein consisting of three lysine motifs, with the ability to 
directly bind chitin oligosaccharides. It lacks an intracellular region, and must therefore, 
interact with a receptor kinase that has an intracellular region for immunity signal transduction. 
Functional studies show that CEBiP plays a major role in the perception and signalling of chitin 
elicitors in rice (Kouzai et al., 2014), although two of its orthologues, the lysine motif-
containing protein 4 (OsLYP4) and 6 (OsLYP6) are involved in the recognition of both chitin 
and peptidoglycan (Liu et al., 2012). Following recognition and binding to chitin elicitors, 
CEBiP forms a complex with CERK1, which has an intracellular region and can phosphorylate 
the target protein(s) to trigger downstream defence responses (Shimizu et al., 2010). RNAi 
mutants of cebip showed a significant reduction in disease resistance against M. oryzae, whilst 
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increased hyphal growth in rice leaf sheath cells was seen in M. oryzae inoculated oscerk1 
mutants (Kouzai et al., 2014b).  
 
Unlike AM symbiosis, the role of plant surface receptor-like kinases and receptor-like proteins 
during rice root invasion by M. oryzae has not been studied. It is intriguing that as a hemi-
biotrophic pathogen, M. oryzae exhibits features peculiar to R. irregularis and some root-
infecting pathogens such as Fusarium oxysporum (Sesma and Osbourn, 2004), whilst retaining 
its robustness to cause necrotic disease lesions on rice leaves. It forms simple hyphopodia on 
rice root surface and maintains a prolonged biotrophic hyphal growth phase in the root like an 
endophyte (Marcel et al., 2010). It also causes root browning and microsclerotia typical of root 
infecting fungi (Sesma and Osbourn, 2004), whilst utilizing both mechanical (turgor pressure) 
and chemical (enzymes and effectors) forces to invade and infect rice leaf tissue, causing 
necrosis (Talbot, 2019).  
 
The unique ability of M. oryzae to change or combine multiple lifestyles to facilitate its invasion 
of the host plant via different organs, increases our curiosity to understand what plant 
programmes are involved in its recognition and accommodation in rice roots. Considering the 
dual role of OsCERK1 in AM symbiosis and immunity signalling, its role during M. oryzae 
invasion of rice roots is unclear. A possibility is that OsCERK1 partners with OsCEBiP to 
perceive signals that enable accommodation of the pathogen in the root. It is also possible that 
it cooperates with OsNFR5 as another receptor kinase. These are the key objectives of this 
chapter. To investigate the function of OsCERK1, OsNFR5 and OsCEBiP during rice root 
colonisation by M. oryzae, and to compare their role, side-by-side during M. oryzae rice leaf 
infection. These aims will be addressed using a combination of live-cell confocal imaging and 
molecular and cell biology techniques to identify possible overlaps in plant programmes 













2.2.1. Examining the role of OsCERK1 in rice root colonisation by Rhizophagus 
irregularis and Magnaporthe oryzae 
 
To test this hypothesis, we first determined arbuscular mycorrhizal colonisation by inoculating 
wild-type (Nipponbare) and cerk1 knockout mutant rice roots with R. irregularis to monitor 
fungal invasion and intracellular colonisation. Knockout mutant seeds were obtained from 
Miyata et al. (2014) and genotyped with self-generated PCR primers (see Table 13 and 
appendix) to confirm loss-of-function of CERK1. Although prior information is available 
(Miyata et al., 2014; Zhang et al., 2015), the aim of this experiment was to determine the 
reproducibility of the published results under our own experimental conditions.  
 
Inspecting fungal colonization at an early and later time point post inoculation of wild-type 
(WT) and cerk1 mutant rice roots with R. irregularis, clusters of hyphopodia (still attached to 
extraradical hyphae) were ubiquitously seen across cerk1 mutant root surface compared to the 
wild-type. These hyphopodia clusters appeared to be significantly more abundant on the mutant 
root surface relative to the WT at 3 weeks post inoculation (wpi), with very little arbuscule and 
vesicle formation (Figure 2.1B, 2.1C). With prolonged co-cultivation however, internal fungal 
structures such as hyphopodia, arbuscules, intraradical hyphae and vesicles were seen in both 
WT and cerk1 mutant roots at 5 wpi, although fungal colonisation seemed to be unevenly 
distributed in the mutants, with clusters of hyphopodia (attached to extraradical hyphae) still 
present in some parts of the root surface (Figure 2.1D-F). These results suggest that fungal 
colonisation is delayed in cerk1 mutants compared to the WT. Notably, although several 
experiments were set-up, only one complete experiment was performed utilising the same plant 
materials for different assays including trypan blue and mycorrhizal quantification assay, 
Wheat Germ Agglutinin or WGA staining, and quantitative real-time PCR assays. More 








       
 
 
Figure 2.1: OsCERK1 is required for efficient penetration and intracellular colonisation of 
Rhizophagus irregularis in rice roots. Phenotypic observation of trypan blue stained WT and cerk1 
mutant rice roots colonised by R. irregularis at 3- and 5-weeks post inoculation (wpi), respectively (A-
F). The fungus forms hyphopodia (H) on the root surface but is compromised in intra-radical 
proliferation during early colonisation (3 wpi) (C). However, with prolonged co-cultivation (5 wpi), 
fungal colonisation structures such as arbuscules, intra-radical hyphae (IH) and vesicles (V) became 
apparent in the mutants (E-F), but still less than in the WT as seen under the microscope (D). Root 
length colonisation shows a 31% reduction in total colonisation in cerk1 mutants compared to the WT 
at 3 wpi. However, at 5 wpi, fungal colonisation slightly increased in cerk1 mutants resulting in a 17% 
overall reduction compared to the WT (G). Bars represent the average of three biological replicates (n 
= 1) ± SEM. Asterisks indicate significant differences between the wild type and cerk1 at two time 
points, 3- and 5 wpi. (Multiple t‐test; *, P < 0.05; **, P < 0.01; ***, P < 0.001, ns = not significant). 
Representative of ~9 images per genotype (with at least two biological replicates) in one time-course 
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To determine the level of fungal colonisation in WT and cerk1 mutant roots, internal fungal 
colonisation structures (including hyphopodia, arbuscules, intra-radical hyphae and vesicles) 
observed in trypan blue stained roots were quantified under the microscope. This revealed a 
31% reduction (P < 0.01) in fungal colonisation in cerk1 mutants compared to the WT during 
early colonisation (3 wpi). With prolonged cultivation (5 wpi), total fungal colonisation in the 
mutant increased to WT level, (Figure 2.1G). suggesting that OsCERK1 functions in early AM 
signalling as previously reported.  Next, we asked whether the morphology of R. irregularis is 
compromised in colonised cerk1 versus WT rice roots. To answer this question, colonised rice 
roots were stained with Wheat Germ Agglutinin (WGA) and the morphological structure of the 
fungus investigated by confocal laser scanner microscopy (CLSM). No aberration in fungal 
morphology was seen in either the mutant or WT at the early and later time points (Figure 2.2B, 
2.2D), indicating that OsCERK1 is not required for the development of AM fungal structures 
such as arbuscules during intracellular colonisation.   
 
 
   
    
 
 
    
 
Figure 2.2: Fungal morphology is not compromised in R. irregularis colonised wild-type and cerk1 
mutant rice roots. Confocal microscopic images of WGA-stained WT and cerk1 mutant roots 
colonised by R. irregularis at 3 wpi (top panel) and 5 wpi (bottom panel), respectively (A-D). Normal 
arbuscules (arrows) and intra-radical hyphae are seen in both WT and mutant roots at both time points. 
Propidium iodide (red) highlights the plant cell wall structures. (Scale bar = 50µm). Micrograph 
obtained using a modified protocol described in Kobae and Ohtomo (2016). Representative of ~9 images 
per genotype (at least two biological replicates) in one time-course experiment. 
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Lastly, to confirm that fungal colonisation is reduced in cerk1 mutants, molecular quantification 
was performed to monitor the expression of AM marker genes and the R. irregularis Elongation 
Factor (RiEF) in WT and cerk1 mutant roots of the microscopically inspected tissue. A 
significant reduction of RiEF and other tested AM marker genes in cerk1 mutants at 3 wpi 
(Figure 2.3A, 2.3B, 2.3C) but not at 5 wpi, was observed relative to the level of induction in 
the WT (Figure 2.3D, 2.3E, 2.3F, 2.3G, 2.3H), thereby confirming the microscopic data. 
Notably, AM markers genes are genes that are induced upon mycorrhizal colonisation (Guimil 
et al., 2005). They code for specific proteins such as high-affinity phosphate transporters 
(OsPT11 and OsPT13), putative peroxidase (OsAM1), serine/threonine receptor-like kinase 
(OsAM14 or ARK1), germin-like proteins (OsAM4) and other hypothetical proteins (OsAM3) 









































Figure 2.3: Molecular quantification of Arbuscular Mycorrhiza (AM) marker gene expression in 
R. irregularis colonised and non-colonised cerk1 and WT rice roots. A significant reduction in AM 
fungal marker gene expression is seen in cerk1 mutants compared to the WT at early colonisation (3 
wpi) (A-C) but not at the later stages of colonisation (5 wpi) (D-H). Error bars represent the average of 
three biological replicates (n = 1) ± SEM and asterisks indicate significant differences between the WT 
and cerk1. MYC = mycorrhized roots; mock = non-mycorrhized roots. (Student’s t‐test; *, P < 0.05; **, 
P < 0.01; ***, P < 0.001).  
 
 
2.2.2. OsCERK1 is required for rice root cell invasion by M. oryzae 
To investigate whether OsCERK1 is required for intracellular colonisation of M. oryzae in rice 
roots, WT and cerk1 rice roots were co-cultivated with GFP-expressing M. oryzae and 
monitored by live-cell imaging. Two time points, early (4 dpi) and late (7 dpi) were considered 
for this experiment to enable us to follow the fungus microscopically and to better understand 
how rice roots are responding to the pathogen in the absence of OsCERK1. Interestingly, a 
striking phenotype was observed in cerk1 mutants, where the invasive fungal hyphae appeared 
to be trapped and/or dead inside rice root cells at both 4 and 7 dpi (Figure 2.4). Notably, dead 
fungal hyphae were stained with propidium iodide (arrow in Figure 2.4B, 2.4F, 2.4H), which 
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Figure 2.4: Live cell confocal imaging of wild-type (Nipponbare) and cerk1 mutant rice roots 
colonised by GFP-expressing M. oryzae (Guy11 strain). M. oryzae proliferates normally, crossing 
from cell to cell in the WT but is trapped and dead (arrow) in cerk1 mutants at both 4 dpi (A, B, E, F) 
and 7 (C, D, G, H) dpi, respectively. Increased fungal proliferation is observed in the WT compared to 
a visual reduction of fungal biomass in cerk1 mutants at 7 dpi. Images in the top panel were taken at 
63x (zoom 1.6) magnification on the SP8, whereas the bottom panel was taken 63x (zoom = 1). 
Propidium iodide stain (red) highlights the dead cells, as well as the plant cell walls. Representative of 
70 (WT) and 67 (cerk1) images with 3 biological replicates per experiment in at least four experiments. 
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To quantify the number of dead and/or trapped fungal hyphae seen inside rice root cells, images 
of colonised WT versus cerk1 mutant roots produced by confocal microscopy (from more than 
three independent experiments) were collected and analysed. Out of a total of 70 images, 22 
(31%) dead or restricted M. oryzae invasive hyphae were seen in rice root cells compared to 3 
(5%) out of 67 total fungal hyphae in the WT (Table 1), suggesting CERK1 may be required 
for compatibility and intracellular accommodation of M. oryzae in rice roots.  
 
 
    Phenotypic quantification of M. oryzae hyphal death in WT and cerk1 rice 
roots 
Genotype WT cerk1 
Total number of images analysed 67 70 
Number of dead and/or trapped fungal hyphae 
inside rice root cells 
3 22 
Estimated Average Total (%) 5% 31% 
 
Table 1: Phenotypic quantification of M. oryzae invasive hyphae, dead or trapped inside rice root 
cells. The total number of dead or restricted invasive hyphae seen in confocal images of colonised WT 
and cerk1 mutant roots was calculated to determine the severity of phenotype observed in the mutant. 
Images were analysed with three biological replicates (root tips from three plants) per experiment in an 




Next, to confirm whether the extent of M. oryzae colonisation of cerk1 mutant roots is reduced 
relative to the WT, qPCR-based quantification was performed using three M. oryzae 
housekeeping genes (Mo-Actin, Mo-Tubulin and Mo-40s8, encoding a ribosomal protein). An 
overall reduction in the expression of all three housekeeping genes was observed in colonised 
cerk1 mutants at early and late time points (Figure 2.5), which correlates with the phenotypic 








































































Figure 2.5: Molecular quantification of M. oryzae biomass in colonised and non-colonised WT and 
cerk1 mutant rice roots. Expression levels of three M. oryzae housekeeping genes (MoACT - actin, 
MoTUB – tubulin and Mo40S8 - ribosomal protein) and OsCERK1 in colonised and non-colonised cerk1 
and WT roots at 4 and 7 dpi, respectively, are shown (A-G). Expression levels were measured by qRT-
PCR and normalized to the geomean of three O. sativa housekeeping genes - Cyclophilin, GAPDH and 
Ubiquitin expression. Bars represent the means of three biological replicates ± SEM (n = 1). Asterisks 
indicate significant differences between expression levels in colonised and non-colonised roots of the 
same and different genotypes (e.g. WT colonised versus WT non-colonised, cerk1 colonised vs cerk1 
non-colonised, and WT vs cerk1 colonised) at the corresponding time point (one-way ANOVA and t-






2.3. Is OsCEBiP required for rice root colonisation by Rhizophagus irregularis and 
Magnaporthe oryzae? 
 
To verify the mycorrhizal phenotype of rice lines mutated in CEBiP, fungal colonisation was 
monitored at early (3 wpi) and later (5 wpi) time points. Knockout mutants of cebip were 
obtained from Miyata et al. (2014) and genotyped using self-generated PCR primers (Table 13) 
to confirm the loss-of-function of CEBiP (see appendix). Surprisingly, at 3 wpi, efficient 
penetration of the fungus seemed to be compromised. Like in cerk1 mutants, clusters of 
hyphopodia with attached extra-radical hyphae were observed (Figure 2.6B, 2.6C), especially 
during early colonisation, however, they were more sparsely distributed than in cerk1 mutants 
at 3 wpi. With prolonged co-cultivation of the fungus and cebip mutant roots, internal AM 
colonisation structures such as arbuscules, intra-radical hyphae, vesicles were seen (Figure 


































































Figure 2.6: Phenotypic observation of R. irregularis colonised WT and cebip mutant rice roots. 
The fungus forms hyphopodia (H) on the root surface but intra-radical proliferation is compromised in 
cebip mutants (B-C) compared to the WT (A) at 3 wpi. At 5 wpi, fungal colonisation structures such as 
arbuscules (A), intra-radical hyphae and vesicles (V) become apparent in the mutants (E-F) but remain 
relatively less than in the WT (D). Roots were stained with trypan blue to enable the microscopic 
visualization of fungal structures. Representative of ~9 images per genotype (with at least two biological 











3 weeks post inoculation 
cebip at 3 wpi 
cebip at 5 wpi 
cebip at 3 wpi 
cebip at 5 wpi 
WT at 3 wpi 
WT at 5 wpi 
A B C 














Figure 2.7: Quantification of fungal infection structures in R. irregularis colonised WT and cebip 
mutant roots. The presence of hyphopodia, arbuscules, intra-radical hyphae (IH) and vesicles in trypan 
blue stained WT and cebip mutant root pieces is shown as percentage of the total number of root pieces 
examined. Fungal colonisation was quantified at 3 wpi (A) and 5 wpi (B). Bars represent the average of 
three biological replicates ± SEM. Asterisks represent significant differences between the wild type and 




To investigate whether R. irregularis morphology was compromised in cebip mutants, 
colonised WT and cebip rice roots were stained with WGA. Compared to the WT, where fungal 
intra-radical hyphae grow intercellularly and then form arbuscules in inner cortex cells (Figure 
2.8A, 2.8C, 2.8E), it appears that the trunk domain (TD) of the arbuscule is formed in the 





















     
 
     
 
       
 
Figure 2.8. Morphological characterization of R. irregularis colonised WT and cebip mutants. 
Confocal imaging revealed fungal colonisation structures such as arbuscules and intra-radical hyphae 
(IH) in WGA-stained colonised WT and cebip mutant roots at 3 and 5 wpi, respectively (A-F). Fully 
formed arbuscules (A) are seen in the WT (A, C, E), whereas arbuscules with possible reduced branching 
are seen in cebip mutants (D, F). Fungal structures were stained with WGA (green) and propidium iodide 
(red) was used to highlight the plant cell wall structure). Representative of ~9 images per genotype (with 





Following phenotypic characterization, the expression levels of arbuscular mycorrhizal (AM) 
marker genes such as AM1, AM3, phosphate transporter 11 (PT11) and AM14 were measured 
by qRT-PCR at 3 and 5 wpi, respectively. Experimental results revealed a significant reduction 
of all AM marker genes in cebip mutants at 3 wpi (Figure 2.9A-D) but not at 5 wpi, except for 
AM3 expression, which was significantly reduced in the mutant at 5 wpi (Figure 2.9F). The 
extremely low transcript level at both time points differ from the microscopic data, where 
overall colonisation of fungal internal structures was 30% at 3 wpi and 50% at 5 wpi (Figure 
WT at 3 wpi cebip at 3 wpi 
WT at 5 wpi 
WT at 5 wpi 
cebip at 5 wpi 










2.7 A, 2.7B). With this level of colonisation, especially at 5 wpi, it is expected that all marker 
genes would be expressed, although at reduced levels. This discrepancy between the 
microscopic and gene expression data may be due to an unequal distribution of root material 
collected for the different experiments (trypan blue staining, WGA and qPCR). It is possible 
that more fine lateral roots, which are not colonised by R. irregularis (Gutjahr et al., 2015), 
were inadvertently collected for RNA extraction and the qPCR experiments, and perhaps, more 






































Figure 2.9: Molecular quantification of AM marker gene expression in R. irregularis colonised and 
non-colonised WT and cebip mutant roots. Expression levels of AM marker genes in colonised and 
non-colonised rice roots at 3 and 5 wpi, respectively are shown (A-H). Expression levels were measured 
by qRT-PCR and normalized to the geomean of three O. sativa housekeeping genes - Cyclophilin, 
GAPDH and Ubiquitin expression. Bars represent the means of three biological replicates (n = 1) ± 
SEM. Asterisks indicate significant differences between expression levels in colonised and non-
colonised roots of different genotypes (e.g. WT colonised vs cerk1 colonised) at two time points (t-test, 





2.3.1. OsCEBiP is required for rice root colonisation by M. oryzae 
 
To investigate whether OsCEBiP is necessary for rice root colonisation by M. oryzae, WT and 
cebip mutant rice roots were inoculated with GFP-expressing M. oryzae. Root invasion was 
monitored in a time-course manner, early (4 dpi) and late (7 dpi) colonisation. Interestingly, 
live-cell confocal imaging revealed the presence of less fungus in cebip mutant roots than in 
the WT (Figure 2.10A-D). However, unlike in cerk1 mutants, where fungal hyphal cell death 
was observed, the number of dead or trapped invasive fungal hyphae in cebip mutant roots was 































     
Figure 2.10: Intracellular colonisation of M. oryzae in WT and cebip mutant rice roots. Live-cell 
confocal imaging shows GFP-transformed M. oryzae (Guy11) proliferating inside WT (Nipponbare) 
and cebip mutant rice roots at 4 and 7 dpi, respectively (A-D). Less fungus is seen in cebip mutants (B, 
D) compared to the WT (A, C) at both time points, respectively. The plant cell wall was stained with 
Propidium iodide (red). Representative of 67 (WT) and 57 (cebip) images with 3 biological replicates 
per experiment in at least four experiments. Micrograph obtained using protocol described in Marcel et 





    Phenotypic quantification of M. oryzae hyphal death in WT and cebip rice roots 
Genotype WT cebip 
Total number of images analysed 67 57 
Number of dead and/or trapped fungal hyphae inside 
rice root cells 
5 3 
Estimated Average Total (%) 5% 5.3% 
 
Table 2: Phenotypic quantification of M. oryzae in colonised rice roots. No difference in the number 
of dead or restricted invasive fungal hyphae in M. oryzae colonised WT and cebip mutant roots was 
found. Images were analysed from three biological replicates (root tips from three plants) per 




Interestingly, molecular quantification by qRT-PCR confirmed the reduction of M. oryzae 
biomass by the consistently reduced transcript levels of the three housekeeping genes 
(MoACTIN, Moβ-tubulin and Mo40s8 ribosomal RNA) in cebip mutants compared to the WT 
at 4 and 7 dpi, respectively (Figure 2.11). The significant overall reduction (P < 0.05) confirmed 
the microscopic results (Figure 2.10). 
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Figure 2.11: Quantifying the molecular biomass of M. oryzae in colonised and non-colonised WT 
and cebip mutant rice roots. The graphs represent the expression levels of three M. oryzae 
housekeeping genes (MoACT, MoTUB, and Mo40S8 ribosomal protein) and OsCEBiP in colonised and 
non-colonised WT and cebip mutants at 4 and 7 dpi, respectively (A-G). Expression levels were 
measured by qRT-PCR and normalized to the geomean of three O. sativa housekeeping genes - 
Cyclophilin, GAPDH and Ubiquitin expression. Bars represent the means of three biological replicates 
(n = 1) ± SEM. Asterisks indicate significant differences between expression levels in colonised and 
non-colonised roots of the same and different genotypes (e.g. WT colonised vs WT non-colonised, cerk1 
colonised vs cerk1 non-colonised, and WT vs cerk1 colonised) at the corresponding time point (one-





2.4. A role of OsNFR5 for rice root cell invasion by Magnaporthe oryzae 
NFR5 has been generally studied in the context of Nod-factor signal perception of legumes, 
where it cooperates with NFR1 to perceive and transduce signals leading to rhizobia symbiosis. 
However, unlike in rhizobia symbiosis, OsNFR5 is not required for AM symbiosis (Miyata et 
al., 2016). It has also been found that L. japonicus NFR1 and NFR5 do not participate in general 
long-chain chitin signalling as the expression of selected chitooligoaccharide-responsive genes 
was similarly induced in response to chitooctaose treatment in L. japonicus WT and nfr1 and 
nfr5 mutant plants (Zhang et al., 2007). Although LjNFR5 proteins seem to have evolved a 
specific function in Nod factor perception and signalling, the role of its homologue in rice, 
OsNFR5, during rice root invasion by M. oryzae has not been studied. To investigate this, WT 
(Nipponbare) and nfr5 mutant rice roots were co-cultivated with M. oryzae conidia and cellular 
invasion was monitored after 4 and 7 dpi. Live-cell confocal imaging revealed interesting 
morphological phenotypes in the mutants, where the fungal hyphae appeared bulbous, 
deformed, and occasionally trapped inside rice cells (Figure 2.12B, C). The bulbous shape of 




















































2.12A, E) often found at cell wall junctions when the fungus constricts and crosses over to the 
neighbouring cells.   
 
  
     
 
     
 
Figure 2.12: Live-cell confocal imaging of M. oryzae invading WT and nfr5 mutant rice root cells. 
Normal fungal proliferation is seen in WT rice roots, with slight constriction and bulging of the hypha 
as it crosses the cell wall junctions at 4 and 7 dpi, respectively (A, E). In nfr5 mutants, M. oryzae 
invasive hyphal morphology seems to be compromised as they appear bulbous, deformed and trapped 
inside root cells at both time points (B, C, F, G). Occasionally, fungal hyphae proliferate from cell to 
cell in the mutant, although they still appear bulbous in some parts (D, H). Propidium iodide (red) stain 
highlights the plant cell walls. Representative of 67 (WT) and 60 (nfr5) images with 3 biological 
replicates per experiment in at least four experiments. Micrograph obtained using protocol described in 
Marcel et al., 2010. Scale bar represents 50µm. Micrograph obtained using protocol described in Marcel 










A B C D 
E F G H 
WT 4dpi nfr5 4dpi nfr5 4dpi nfr5 4dpi 




Phenotypic quantification of M. oryzae hyphal death in WT and nfr5 rice roots 
Genotype WT nfr5 
Total number of images analysed 67 60 
Number of dead and trapped fungal hyphae inside 
rice root cells 
5 3 
Estimated Average Total (%) 5% 5% 
 
Table 3: Phenotypic quantification of M. oryzae invasive hyphae dead and trapped inside rice root 
cells. No difference in the number of dead invasive fungal hyphae is seen in nfr5 mutants versus the 
WT. Images were analysed from three biological replicates (root tips from three plants) per experiment 




To determine whether M. oryzae rice root colonisation is reduced in nfr5 mutants relative to 
the WT, molecular quantification experiments by qRT-PCR was performed. The level of fungal 
colonisation was significantly reduced (P < 0.05; P < 0.01) at both time-points (Figure 2.13A-
















































Figure 2.13: Quantification of M. oryzae molecular biomass in WT and nfr5 mutant rice roots. 
Gene expression analysis revealed an overall reduction in M. oryzae colonisation in nfr5 mutants 
compared to the WT at 4 and 7 dpi, respectively. The graphs represent the expression levels of three M. 
oryzae housekeeping genes (MoACT, MoTUB, and Mo40S8 ribosomal protein) and OsNFR5 in 
colonised and non-colonised WT and nfr5 mutants at both time points (A-G). Expression levels were 
measured by qRT-PCR and normalized to the geomean of three O. sativa housekeeping genes - 
Cyclophilin, GAPDH and Ubiquitin expression. Bars represent the means of three biological replicates 
(n = 1) ± SEM. Asterisks indicate significant differences between expression levels in colonised and 





















































































colonised vs nfr5 non-colonised, and WT vs nfr5 colonised) at the corresponding time point (one-way 




2.5. A novel role of OsNFR5 during rice leaf infection by M. oryzae  
Although the role of LjNFR5/OsNFR5 has been studied in the context of Rhizobia and AM 
symbioses, respectively, where it is required for the former (Rhizobia symbiosis) but not the 
latter (AM symbiosis), its involvement in immunity signalling has not been investigated. My 
findings from subchapter 2.4 indicate that OsNFR5 is required for rice root cell invasion by M. 
oryzae, which further motivated me to investigate rice leaf response to M. oryzae in the absence 
of OsNFR5. This involved inoculating WT and nfr5 mutant rice leaf with M. oryzae Guy11 
(WT) conidia in two types of experiments, 1) a time-course leaf sheath inoculation assay to 
monitor fungal invasion at early (26 hpi) and late (30 hpi) time points, and 2) a leaf spray 
infection assay to monitor disease necrosis at 6 dpi.  
 
Microscopic monitoring of infected rice leaf sheath cells showed an early penetration of 
primary invasive fungal hyphae in the first leaf sheath cell at 26 hours post inoculation (hpi) 
(Figure 2.14A), but not in nfr5 mutants, where hyphal penetration of the first leaf sheath cell 
was not seen. Instead, appressoria still attached to conidia via the germ tube were seen on the 
epidermal leaf sheath surface in the mutant (Figure 2.14C). With prolonged incubation, 
secondary invasive bulbous hyphae filled up individual WT leaf sheath cells at 30 hpi (Figure 
2.14B), whereas primary invasive hyphae were just seen invading the first leaf sheath cell in 
nfr5 mutants (Figure 2.14D), suggesting that M. oryzae penetration of epidermal leaf sheath 
cells was delayed in the absence of OsNFR5. Importantly, mutants of OsCERK1 and OsCEBiP 
were used as positive controls in this experiment because of their established function in 
immunity signalling during M. oryzae rice leaf infection. As expected, increased susceptibility 
to M. oryzae in cerk1 and cebip rice leaf sheath cells were seen, confirming the involvement of 





     
 
         
  
         
 
         
 
Figure 2.14: Microscopic images of M. oryzae (Guy11) infected rice leaf sheath cells. Primary invasive 
hypha (PH) invades the first cell in the WT at 26 hpi, but not in nfr5 mutants, where conidia (C) still 
attached to appressoria (A) through the germ tube (GT) and no penetration are seen (A, C). Secondary 
invasive hyphae (SH) filled up individual WT leaf sheath cells at 30 hpi, but not in nfr5 mutants, where 
the primary hypha had just invaded the first cell (B, D). In both cebip and cerk1, a rapid progression in 
M. oryzae infection was seen at both time points (E-H). Representative of ~9 images per genotype (with 
three biological replicates per experiment) in two independent time-course experiments. Scale bar = 
50µm.  
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To ascertain whether M. oryzae infection is delayed in the absence of OsNFR5, a rice leaf spray 
inoculation experiment was performed, and the average number of necrotic lesions was 
calculated after 6 dpi. On nfr5 mutant leaves, significantly fewer and less expanded (area) 
necrotic disease lesions/5 cm had formed compared to both WT and cerk1 mutant, which were 
used as positive controls in the experiment (Figure 2.15; Figure 2.16). Interestingly, a second 
independent experiment (not shown) confirmed the phenotypes observed in nfr5, as well as in 
cerk1 and cebip mutants, together, suggesting that OsNFR5 promotes M. oryzae rice leaf 
infection. Notably, CO39 (a highly susceptible cultivar) was used as a positive control in one 
experiment to ensure that the experimental design was robust. All mutants (nfr5, cerk1 and 






Figure 2.15: Necrotic disease lesion formation on M. oryzae inoculated rice leaves. Fewer necrotic 
disease lesions are seen on nfr5 mutant leaves (B) compared to the WT (A). cerk1 and cebip mutants 
(C-D) showed the highest number of expanded necrotic disease lesions (red arrow), confirming 
increased susceptibility of the host plant to M. oryzae in the absence of CERK1 and CEBiP. Leaf 
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Table 8 WT (CO39) WT 
(Nipponbare) 
cerk1 nfr5 
Number of Leaf 
Samples 
11 17 14 15 
 
 
Number of Lesions/5 
cm 
513 379 554 209 
 
 
Average Number of 
Lesions 
47 22 40 14 
     
    
Figure 2.16: Quantification of necrotic disease lesion formation in WT and LysM-RLK mutant 
rice leaf. The table shows the average number of lesions/5 cm of leaf sample in four gentoypes 
(Nipponbare, CO39, cerk1 and nfr5.  As a highly suceptible rice cultivar, CO39 showed the highest 
average number of lesions (47) followed by cerk1 (40), Nipponbare (22) and nfr5 mutants (14), which 
had significantly fewer number of necrotic lesions compared to the other genotypes (A-B). Dots 
represent the number of disease lesions/5 cm formed on the leaf surface of each tested genotype. 
Asterisks indicate significant differences in the average number of lesions/5 cm of infected leaves 
among different genotypes. (ANOVA and t-test, *, P < 0.05; **, P <0.01; ***, P < 0.001, n.s., P > 0.05). 








The efforts described in this chapter addressed the role of plant membrane receptors known for 
leaf immunity and root nodule signalling during AM symbiosis, as well as rice root infection 
by M. oryzae. Plant membrane receptors. such as the LysM receptor-like kinases (CERK1 and 
NFR5) and receptor-like proteins (CEBiP) have been generally well-studied in the context of 




important new role was found for CERK1, NFR5 and CEBiP during rice root colonisation by 
M. oryzae and for NFR5 during rice leaf infection by M. oryzae.  
 
CERK1 has been shown to be indispensable for inducing early symbiotic signalling responses 
during AM symbiosis, especially since AM colonisation was severely reduced in cerk1 
knockout (Miyata et al., 2014) and RNAi (Zhang et al., 2015) mutant rice roots at early, but not 
the later stages of infection. This is also well known in legumes, where L. japonicus NFR1 (the 
closest homologue of OsCERK1) interacts with LjNFR5 to perceive and transduce signals that 
lead to nodulation and rhizobia symbiosis (Madsen et al., 2003; Radutoiu et al., 2003).  
 
Consistent with these findings, my results revealed severe phenotypes including clusters of 
hyphopodia (still with attached extra-radical hyphae), low levels of mycorrhization and reduced 
expression of AM marker genes in cerk1 mutant roots at early colonisation (3 wpi) with R. 
irregularis (Figure 2.1C). With prolonged co-cultivation however, the total level of fungal 
colonisation in both cerk1 and WT roots were not significantly different, although clusters of 
hyphopodia were still seen in the mutant at 5 wpi (Figure 2.1E). These results confirm that 
OsCERK1 is a key requirement for early AM symbiosis signalling and supports previous 
findings.  
 
In contrast to CERK1, studies have suggested that OsCEBiP does not participate in AM 
symbiosis as cebip mutants inoculated with R. irregularis established symbiosis normally 
(Miyata et al., 2014). This is inconsistent with my observations, which showed severe 
phenotypes including clusters of hyphopodia (with attached extra-radical hyphae) (Figure 2.6), 
extremely low levels of colonisation (Figure 2.7), and significantly reduced levels of AM 
marker gene expression in cebip mutant roots inoculated with R. irregularis at 3 wpi (Figure 
2.9). Importantly, the observed hyphopodia phenotype in cebip mutants (Figure 2.6B) closely 
resembles those seen in cerk1 mutants (Figure 2.1B) during early colonisation, whereby the 
fungus successfully forms a hyphopodium on the rice root surface but is unable to penetrate the 
epidermal cell layer. In both mutants (cebip and cerk1), extra-radical hyphae are mostly still 
attached to the fungus, and if penetration of the epidermal layer eventually occurs, intra-radical 
hyphal proliferation appears to be restricted within the epidermal cell, especially at early 
colonisation (Figure 2.6B).  
 
Consistent with the difficulty to penetrate the rice root surface after hyphopodia formation, total 
AM fungal root length colonisation was significantly reduced (P<0.001) in cebip mutants 
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relative to the WT at both 3 and 5 wpi (Figure 2.7A, 2.7B). Molecular quantification 
experiments also revealed a significant reduction in AM marker gene expression in cebip 
mutants at 3 wpi (Figure 2.9A-D) but not at 5 wpi, except for AM3, which was significantly 
reduced at this later time point. This inconsistency between the fungal colonisation data and 
AM marker gene expression levels at 5 wpi may be due unequal distribution of all rice root 
samples (crown, large lateral and fine lateral roots) during the different experiments, as well as 
variations in the values of the biological replicates as indicated by the error bars (Figure 2.9E, 
2.9G, 2.9H). The uneven distribution of AM colonisation within rice root systems has been 
demonstrated. Crown roots (CRs) are weakly colonised; large lateral roots (LLRs) are strongly 
colonised; and fine lateral roots (FLRs) are not colonised (Gutjahr and Paszkowski, 2013; 
Gutjahr et al., 2009; Rebouillat et al., 2009). This differential colonisation indicates that 
reciprocal root-fungal signalling events prior to, or during colonisation, and plant physiological 
changes in response to colonisation are root-type specific (Gutjahr and Paszkowski, 2009).  
 
In addition, morphological characterization of internal fungal colonisation structures by WGA 
staining revealed a possible slight reduction in hyphal branching in cebip mutants compared to 
the wild-type, although this requires further investigation. Considering the observed 
phenotypes, which are more prominent during early colonisation (3 wpi), it may be logical to 
suggest that OsCEBiP is also required for early induction of symbiotic signalling, especially 
since OsCEBiP is structurally known to directly bind chitin oligosaccharides prior to forming 
complexes with OsCERK1 during immunity signalling (Kaku et al., 2006; Shinya et al., 2012; 
Kouzai et al., 2014).  
 
With respect to rice root colonisation by M. oryzae, my observations suggest that all three 
LysM-RLKs (OsCERK1 and OsNFR5) and RLP (OsCEBiP) may be required for efficient 
intracellular proliferation of the pathogen in rice roots. cerk1 mutant roots inoculated with GFP-
expression M. oryzae conidia revealed striking phenotypes, including 31% of fungal invasive 
hyphae which appeared dead and trapped inside rice root cells at 4 and 7 dpi, respectively 
(Figure 2.4B, 2.4F, 2.4H). The morphology of M. oryzae invasive hyphae in nfr5 mutant rice 
roots also looked abnormal, in that, they were mostly bulbous, ring-shaped and trapped inside, 
with swellings in places where they occasionally crossed cell junctions (Figure 2.12). 
Interestingly, no fungal morphological aberration was seen in cebip mutant roots, and unlike 
cerk1 mutants, the number of dead fungal hyphae in both cebip and nfr5 mutants was 
infinitesimally low and not different from the WT (Table 2 and 3). Gene expression analysis 
revealed a drastic overall reduction in the molecular biomass of M. oryzae in all three mutants 
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(cerk1, cebip and nfr5) at both early and late colonisation stages (Figure 2.5, 2.11, 2.13), 
strongly implicating the LysM-RLKs and RLP as compatibility factors for M. oryzae rice root 
colonisation.  
 
Although the role of the receptor kinase OsNFR5 during AM symbiosis was not re-tested under 
my experimental conditions due to lack of time, published findings show that OsNFR5 does 
not participate in AM symbiotic signalling responses (Miyata et al., 2016). The role of OsNFR5 
during rice leaf infection by M. oryzae had also not been previously studied. Interestingly, both 
rice leaf sheath and leaf spray infection assays showed a distinctive suppression of M. oryzae 
invasion in nfr5 mutant leaf tissue. As expected at the early infection stage (26 hpi), primary 
fungal hypha invaded the first cell in the WT epidermal leaf sheath (Figure 2.14A), but not in 
nfr5 mutants, where appressoria connected to conidia were seen on the leaf sheath epidermal 
surface, with no sign of penetration (Figure 2.14C). At the later stage of infection (30 hpi), 
bulbous, branched hyphae filled up individual WT leaf sheath cells (Figure 2.14B), only then 
was the primary hypha seen invading the first cell in nfr5 mutants (Figure 2.14D), suggesting 
a delay in fungal penetration. These data are supported by the rice leaf spray infection assay, 
which revealed the presence of significantly less average number of disease lesions (per 5 cm) 
on nfr5 mutant leaves compared to the WT (Figure 2.15) or cerk1 and cebip (Figure 2.14E-H), 
which were highly susceptible to the pathogen during rice leaf infection. Interestingly, these 
results demonstrate a role of OsNFR5 as a compatibility factor for M. oryzae penetration and 
invasion of rice leaf tissue.  
 
Altogether, the results presented in this chapter provide clear evidence that common 
requirements exist for mutualistic and detrimental fungi in rice roots. A novel role of OsCERK1 
during rice root intracellular colonisation by M. oryzae was discovered and the dual 
responsibility of OsCERK1 in AM symbiosis and immunity signalling was confirmed. The 
similar range of phenotypes observed in M. oryzae and R. irregularis colonised cerk1 mutant 
rice roots was quite intriguing. For instance, in R. irregularis colonised cerk1 mutants, rice root 
surface penetration was mostly hindered as evidenced by clusters of hyphopodia and fungal 
colonisation was significantly reduced at 3 wpi. Similarly, dead and restricted invasive M. 
oryzae hyphae were seen in cerk1 rice root cells, followed by a drastic overall reduction in 
fungal colonisation at early and late infection stages. With respect to rice leaf infection, M. 
oryzae inoculated cerk1 mutants resulted in a significant increase in disease susceptibility, all 
together, suggesting that CERK1 represents a common receptor for chitooligosaccharide-based 




Furthermore, this study confirmed the role of OsCEBiP in immunity signalling in the leaf and 
led to unexpected new findings implicating OsCEBiP function in rice root colonisation by M. 
oryzae and R. irregularis. In common with cerk1 mutant roots, cebip mutants inoculated with 
R. irregularis showed clusters of hyphopodia on the rice root surface, signifying root 
penetration difficulties, which reflected in the extremely low mycorrhization levels shown by 
qRT-PCR at 3 wpi. In contrast to cerk1 mutants though, M. oryzae colonised cebip rice roots 
did not reveal any distinct dead or restricted invasive proliferating fungal hyphae, although 
significantly less fungus was molecularly measured in the mutant. These results suggest that 
OsCEBiP may be involved in early symbiotic signalling, as well as for compatibility during 
rice root invasion by M. oryzae.  
 
Although my findings with CEBiP and arbuscular mycorrhization contradict existing reports 
(Miyata et al., 2014), the phenotypic observations, which resemble AM phenotypes in cerk1 
mutants, strongly suggests that OsCEBiP probably perceives and directs chitin signalling 
during early AM symbiosis. Studies have suggested that OsCEBiP binds longer chain chitin-
oligosaccharides such as heptamers or octamers, which are not necessary for AM symbiosis 
(Miyata et al., 2014), however, it is possible that OsCEBiP forms a complex with OsCERK1 
or other plasma membrane receptors to perceive a mixture of symbiotic signals including Myc-
LCOs, which are longer chain chitin molecules, to activate the CSSP. This is supported by the 
lack of intracellular domains, which strongly suggests that OsCEBiP requires partner proteins 
to form a functional receptor complex for successful signal transduction as shown in immunity 
signalling, where it partners with OsCERK1. OsCERK1, on the other hand, lacks the ability to 
bind chitin oligosaccharides although it possesses an active intracellular kinase domain and can 
transduce symbiotic or immunity signals, suggesting the possibility of an OsCERK1-OsCEBiP 
complex formation in AM symbiosis. This model also applies in the case of M. oryzae rice root 
invasion, where all three LysM-RLKs/RLP are shown to be required for efficient invasion and 
intracellular accommodation. Several possibilities could be that OsCERK1 and OsCEBiP form 
a complex with each other or individually with other unknown partners to perceive and 
transduce signals leading to rice root colonisation by M. oryzae. OsNFR5 is an unlikely 
candidate in this case because it has an inactive intracellular kinase domain and is unable to 
interact with OsCEBiP. Heterodimerization with OsCERK1 is also unlikely as BiFC 
(Bimolecular Fluorescence Complementation) assays, which is used to visualise protein 
interactions in living cells, failed to show any evidence of interaction (Miyata et al., 2016). This 
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means that OsNFR5 requires another partner protein to recognize chitooligosaccharide-based 
signals during M. oryzae rice root invasion.  
 
As with LjNFR5, which has a high affinity for binding Nod-LCOs but requires LjNFR1 to 
transduce the signal for nodulation and rhizobia symbiosis, OsNFR5 (LjNFR5 homologue) may 
also perceive signals that are similar to Nod-LCOs from M. oryzae but it must partner with 
another receptor protein to activate downstream signalling responses that would permit fungal 
accommodation in the root. This aligns well with findings that OsNFR5 may also be required 
for compatibility rather than immunity signalling during rice leaf infection by M. oryzae. Unlike 
OsCERK1 and OsCEBiP, which play opposite roles in immunity and compatibility depending 
on the different plant organs (immunity in leaf infection and compatibility in root infection). 
OsNFR5 acts as a compatibility factor in both scenarios, suggesting its role in the perception 
of specific signals from M. oryzae. These findings altogether, provide deep insight into the 
shared roles of LysM-RLKs and RLP during AM symbiosis and M. oryzae invasion of rice root 
and leaf tissue. It also describes a unique organ-specific function of plasma membrane 
receptors, which may be further explored for the development of new crop improvement and 



















Overlapping Transcriptome Signatures in Response to R. irregularis and M. 






Plant cells host a variety of mutualistic and detrimental microbes by forming intracellular 
accommodation structures, which appear similar at the cellular level. It is well-established that 
the arbuscular mycorrhizal fungi engage in symbiosis with more than 70% of all existing higher 
plants (Wang and Qiu, 2006). The symbiont provides mineral nutrients such as phosphorus to 
its host plant, and in return, receives from the plant, carbohydrate obtained through 
photosynthesis. Plant carbohydrates are also known to be very attractive to root-infecting 
filamentous pathogens such as fungi and oomycetes.  
 
Although mutualistic fungi and pathogens (including oomycete pathogens such as 
Phytophthora palmivora and Hyaloperonospora arabidopsidis, downy mildew) are far apart in 
the end process of their interaction with plant (in that one supports plant growth and 
development while the other leads to disease) their root colonisation mechanisms can be very 
similar. This similarity is mostly seen at the initial stages of plant infection whereby both 
mutualistic and detrimental microbes use common strategies such as spore adhesion, 
appressorium formation and penetration to enter the plant host tissue (for review, see Panstruga, 
2003). The fungal symbiont forms a pre-penetration apparatus, which guides the fungal 
invasion through the cell lumen, a process that occurs similarly in the root epidermal or the 
inner cortical cells, preceding arbuscule formation (Genre et al., 2005; Genre et al., 2008). 
Arbuscules are surrounded by a plant-derived peri-arbuscular membrane (PAM), which 
provides a unique interface for mineral nutrient exchange in the symbiosis.  
 
Similarly, oomycete pathogens project specialized hyphae known as haustoria inside living host 
cells, which they use to suppress the plant host defence, as well as to acquire nutrients 
(O’Connell and Panstruga, 2006). As the oomycete pathogen grows inside the host cell, the 
haustorium becomes enveloped by a plant-derived extrahaustorial membrane (EHM), which 
serves as a physical barrier to separate the pathogen from the host cell cytoplasm and engulfs 
the extrahaustorial matrix in between (Lu et al., 2012). This feature is also peculiar to the M. 
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oryzae invasive hypha, which is surrounded by a plant-derived extra-invasive hyphal 
membrane (EIHM) during intracellular growth in rice roots (Marcel et al., 2010).  
 
Interestingly, the process of accommodating microbe infection structures, whether symbiotic 
or pathogenic, involves a substantial developmental reprogramming or reorganization of the 
host plant cell. The striking similarities between mutualistic and detrimental microbe 
accommodation structures inside the host cell have also led to speculations that both 
associations depend on similar or overlapping genetic programmes (Parniske, 2000). To this 
end, shared genetic elements such as the Nod Factor Perception, NFP (Rey et al., 2013), 
Reduced Arbuscular Mycorrhization 2, RAM2 (Wang et al., 2012; Gobbato et al., 2013) and 
the Chitin Elicitor Receptor Kinase 1, CERK1 (Miyata et al., 2014; Zhang et al., 2015) have 
been found to function during beneficial and pathogenic plant-microbe interactions. In addition, 
a common set of genes have been associated with rice root colonisation by the symbiont R. 
irregularis and the pathogens, Fusarium monoliforme and M. oryzae, indicating a conserved 
response to fungal colonisation but the roles of the genes for compatibility remain unknown 
(Guimil et al., 2005). 
 
The aim of this chapter was to identify a common set of genes that are co-upregulated during 
rice root colonisation by R. irregularis and M. oryzae. In contrast to the study of Guimil et al. 
(2005), which utilized a qPCR-based analysis to examine the differential expression of 224 
mycorrhiza-inducible genes (identified by whole-transcriptome analysis) in root-pathogen 
interactions, this work involved the comparison of whole genome transcriptomics data from 
rice roots during interaction with R. irregularis (Gutjahr et al., 2015) and progressive root 
infection by M. oryzae (Marcel et al., 2010). It identified a set of commonly regulated genes 
that may be involved in determining compatibility and enabling accommodation of symbiotic 
and detrimental fungi in rice roots. By applying a variety of phenotypic and molecular analyses, 
it is hoped that this study will provide new insight into the function of the selected genes during 








3.2.1. Identification of genes commonly induced during rice root intracellular 
accommodation by R. irregularis and M. oryzae 
To identify genes that are co-upregulated during rice root colonisation by R. irregularis and M. 
oryzae, two independent transcriptomics studies by Gutjahr et al. (2015) and Marcel et al. 
(2010) were compared.   
 
3.2.2. Transcriptome comparison 
Gutjahr et al. (2015) identified a total of 1,179 transcripts that accumulated differentially in the 
crown roots (CR) and large lateral roots (LLR) at 7 weeks post inoculation (wpi) with and 
without (mock-inoculated) R. irregularis, whereas Marcel et al. (2010) revealed 2,000 genes 
that are differentially expressed in all root types (infected versus non-infected/mock inoculated) 
with M. oryzae at 6 days post inoculation (dpi). Notably, 7 wpi and 6 dpi were considered for 
this analysis because both microbes intracellularly colonise rice roots at this stage. Specifically, 
R. irregularis grows both inter- and intracellularly inside the host root, with enriched numbers 
of arbusculated cortical cells, whereas M. oryzae grows intracellularly across all root types. 
 
The first step was to overlay these two datasets using MS-Excel software to identify a common 
set of 498 differentially expressed genes (False Discovery Rate, FDR < 0.05) between both 
plant-fungal interactions (Figure 3.1). To ensure the selection of a robust dataset, stringent 
filtering conditions were applied to identify genes with moderate to high expression levels and 
with distinct changes in transcript level. Specifically, background expression was set at 50, 
which is equivalent to the mean values of the negative controls plus four times the standard 
deviation (as per Guimil et al., 2005).  
 
Importantly, genes were considered as upregulated by mycorrhizal or M. oryzae colonisation if 
they showed a ≥ 2-fold change in expression level in colonised versus non-colonised/mock-
inoculated plants at 7 wpi and 6 dpi, respectively. A total of 116 and 226 genes in mycorrhizal 
and M. oryzae inoculated rice roots, respectively, met this criterion (Figure 3.1). From the 
upregulated genes, a common set of 78 that were co-upregulated in both interactions were 
selected. Although 48 out of these 78 genes were still upregulated, they were unsuitable because 
of their high basal expression level (> 50 as explained above) and were therefore, filtered out. 
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Our interest in genes with low transcript levels in mock plants was driven by our initial plans 
to produce reporter lines where background expression would have interfered. The removal of 
48 genes with high transcript levels in mock plants resulted in a total of 30 co-upregulated genes 
in both mycorrhizal and M. oryzae rice root interactions.  
 
Since the goal of this data comparison exercise was to identify genes that are significantly co-
upregulated during rice root invasion by both mutualistic and detrimental fungi, only genes 
with ≥ 2.5-fold change increase were selected. This resulted in a common set of 8 co-
upregulated gene candidates, including an Exo70 exocyst protein, a lectin receptor-like kinase 
and a group of DUF538 domain containing protein of unknown function (Table 4). Three gene 
types were selected for further investigation based on the known roles of their homologues and 
orthologues in symbiosis (e.g. MtExo70) and immunity (e.g. LecRLK). In general, little is 
known about the third selected gene type, i.e. encoding DUF538 domain containing proteins of 
unknown function and they have not been studied in the context of either symbiosis or 
immunity. However, this analysis identified 4 out of 11 DUF538 genes expressed in rice as co-
upregulated during rice root interactions with R. irregularis and M. oryzae, making the 

















Figure 3.1: A flowchart showing the selection of co-upregulated genes during R. irregularis and 
M. oryzae rice root interactions. Transcriptional profiling of genes expressed during R. irregularis and 
M. oryzae intracellular colonisation of rice roots (A). Gutjahr et al. (2015) identified 1,179 differentially 
expressed genes in CR and LLRs at 7 wpi with and without R. irregularis (green) and Marcel et al. 
(2010) identified 2,000 genes differentially expressed at 6 dpi of rice roots with and without M. oryzae 
(red). Computational analysis revealed a common set of 498 differentially expressed genes in both 
interactions from which 116 and 226 were upregulated in R. irregularis and M. oryzae, respectively (B). 
Following a stringent filtering criterion, genes with Fold Change, FC < 2 were filtered out, leaving a 
total common set of 78 genes (C). Genes with high basal expression level (> 50) were removed (D) 
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240 39 6 349 40 9 






234 45 5.2 95 25 3.8 
 
Table 4: Top gene candidates co-upregulated during rice root infection with R. irregularis and M. 
oryzae. Genes were selected based on the fold change (FC) expression values (antilog) of R. irregularis 
(Ri) and M. oryzae (Mag) inoculated versus non-inoculated samples. Ri inoculated and inoculated rice 
root types (CR and LLR) were compared at 7 wpi, whereas Mag inoculated and non-inoculated rice 
roots (all types) were compared at 6 dpi. Genes strongly induced during Ri and Mag colonisation were 
selected based on the ratio of their FC (≥ 2.5) expression in inoculated versus mock samples. Seven out 
of the 8 genes are hypothetical proteins and DUF538 domain containing proteins of unknown function, 
whereas two genes, OsExo70-H3b (LOC_Os11g01050) and OsLecRLK (LOC_Os07g38800) have been 




3.3. Characterization of OsExo70-H3b exocyst protein  
3.3.1. Phylogenetic characterization of the plant Exo70 exocyst gene superfamily 
Studies estimate that there are about 43 Exo70 exocysts in O. sativa compared to 23 in 
Arabidopsis thaliana (Synek et al., 2006; Cvrčková et al., 2012). To identify the position of 
OsExo70-H3b, a phylogenetic tree was generated using the amino acid sequences of 23 rice 
Exo70 exocysts available in the rice genome annotation database. The failure to identify 43 rice 
Exo70 exocysts as indicated by Synek et al. (2006) may be due to annotation errors on the 
different databases, where multiple exo70 exocysts are given the same accession and locus 
identification numbers. Nonetheless, the phylogenetic characterization identified nine OsExo70 
exocyst subgroups (Exo70A-Exo70I), which clustered into 9 different clades (Figure 3.2).  
 
OsExo70-H3b belongs to the OsExo70-H clade, which further diverged into two subgroups, 
OsExo70-H1 and OsExo70-H3 (red highlight in Figure 3.2). From these two subgroups are 
(OsExo70-H1a and OsExo70-H1b) and (OsExo70-H3a and OsExo70-H3b), which seem to 
code for identical proteins as formerly described by Synek et al. (2006). Considering the 
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proximity and amino acid sequence similarity (99%) of OsExo70-H3b and its closest 
homologue OsExo70-H3a, it is very likely that the gene is either duplicated or there is an 
annotation error in the genome database. Further experimentation by Southern blot analysis for 
instance, will help to clarify whether there is one or multiple copies of OsExo70-H3b in the rice 
genome as that may contribute to gene redundancy effects during functional studies. 
 
Importantly, since MtExo70I is associated with the development of the sub-domain of the peri-
arbuscular membrane during AM symbiosis (Zhang et al., 2015), we were interested to 
determine how OsExo70-H3b relates to Medicago Exo70I. Interestingly, my phylogenetic 
analysis revealed that OsExo70-H3b and MtExo70-I belong to two different clades (H and I) 
that are distant from each other (red highlight in Figure 3.3). It also identified an OsExo70-I, 
the closest MtExo70-I homologue, the corresponding gene of which is not induced during R. 
irregularis or M. oryzae rice root colonisation as indicated by the transcriptomics analysis. 
 
Finally, to determine the distribution of OsExo70-H3b type proteins across monocotyledonous 
and dicotyledonous species, a Reciprocal Blast Search Strategy (RBS) was applied. An initial 
blast search of the full-length amino acid sequence of OsExo70-H3b using the NCBI protein 
blast software showed that only 10 hits had site coverage of 50% and above, with E values 
ranging from 0.0 to 4e-110. Nevertheless, a reciprocal blast search produced nine OsExo70-
H3b homologues/orthologues in different monocot species including Elaeis guineensis 
(African palm oil), Phoenix dactylifera (Date palm), Setaria italic (Foxtail millet), Aegilops 
tauschii (goat grass), Hordeum vulgare (barley), Brachypodium distachyon (a grass species), 
Sorghum (Sorghum bicolor), Zea mays (maize), and Oryza brachyantha (Figure 3.4). We found 
the closest orthologue of OsExo70-H3b to be an O. brachyantha (wild rice) Exo70 exocyst, 
which is particularly interesting because the completely sequenced genome of O. brachyantha 
provides high-quality reference for future functional and evolutionary studies of OsExo70-H3b. 
Interestingly, no OsExo70-H3b homologue was found in either mycorrhizal or non-













Figure 3.2: A maximum-likelihood phylogenetic tree of O. sativa Exo70 exocyst protein 
superfamily. The tree shows nine subgroups of Oryza sativa Exo70s clustering into 9 distinct clades 
(Exo70A-I). Clades are represented in 7 slices (green) and two individual nodes OsExo70I and 
OsExo70E (not-highlighted). The clade containing the target gene (OsExo70-H3b) is highlighted in red. 
OsExo70I and OsExo70E appear as single copy genes in rice as previously suggested. Two outgroups 
Saccharomyces cerevisiae (Yeast) and Drosophila melanogaster (Dm) Exo70 exocysts are highlighted 







         
 
Figure 3.3: Maximum-likelihood phylogenetic tree of O. sativa Exo70 exocyst protein superfamily. 
The tree shows the position of OsExo70-H3b in relation to exo70 exocysts in other plant species 
(Arabidopsis thaliana, Medicago truncatula and Brachypodium distachyon). OsExo70-H3b (red) is in 
the Exo70-H clade and clusters with other Exo70-H groups from both dicotyledons and 
monocotyledons, although OsExo70-H3b and three of its closest homologues seem to have slightly 
diverged from the H-group. Exo70-I (red) from rice, Medicago and Brachypodium cluster together in 





















































































orthologue of the MtExo70-I, which is required for development of a subdomain of the peri-arbuscular 


















Figure 3.4: A maximum-likelihood phylogenetic tree showing OsExo70-H3b orthologues in nine 
monocot species. O. branchyantha Exo70 appeared to be the closest orthologue of OsExo70-H3b 
(indicated in red circle). Interestingly, no dicot homologue was found in the search. Two outgroups 







3.3.2. Exo70-H3B is induced during rice root colonisation by both R. irregularis and M. 
oryzae  
Following the identification of OsExo70-H3b as a possible gene candidate involved in AM 
symbiosis and M. oryzae rice root colonisation (Figure 3.1; Table 4), it was necessary to 
validate the Affymetrix microarray data by qRT-PCR. This was done using gene-specific qRT-
PCR primers to quantify the expression level of OsExo70-H3b in R. irregularis and M. oryzae 
colonised and non-colonised rice roots at 7 wpi and 7 dpi, respectively. A 12-fold increase in 
OsExo70-H3b transcript level (P < 0.01) was observed in mycorrhized roots relative to non-
mycorrhized roots (Figure 3.5B) and a 0.45-fold increase in the transcript level of the same 
gene (P < 0.05) was seen in M. oryzae inoculated roots compared to non-inoculated roots at 7 
wpi and 7 dpi, respectively (Figure 3.5C). Both gene expression analyses confirmed the 
Affymetrix microarray data, which showed a 5- and 3.8-fold-change increase in Rhizophagus 
and Magnaporthe inoculated versus non-inoculated rice roots, respectively (Table 4), although 
the qPCR results showed a much reduced OsExo70-H3b transcript level in M. oryzae inoculated 
versus non-inoculated rice roots. In addition, when compared to R. irregularis colonised roots, 
both experiments (Affymetrix microarray and qPCR) showed that the level of expression of 
OsExo70-H3b was significantly lower in M. oryzae colonised roots, suggesting that OsExo70-
H3b may be more involved in the intracellular colonisation of the symbiont in rice roots (as 


































Figure 3.5: OsExo70-H3B gene expression analysis in R. irregularis and M. oryzae inoculated and 
non-inoculated rice roots. OsExo70-H3B gene expression level was determined by Affymetrix 
microarray data (A) and validated by qRT-PCR (B, C). Expression levels by qRT-PCR were normalized 
to the expression of O. sativa Cyclophilin. Bars represent the means of three biological replicates (n = 
1) ± SEM. Asterisks indicate significant differences between expression levels in colonised and non-





3.3.3. Towards evaluating the biological function of OsExo70-H3B during rice root 
colonisation by R. irregularis and M. oryzae 
 
Following the molecular confirmation that OsExo70-H3b is co-induced in R. irregularis and 
M. oryzae colonised rice roots, I wished to evaluate the biological role of the gene using T-
DNA insertion mutant lines of OsExo70-H3B (2D-31114). The mutant lines were ordered from 
Kyung Hee University, Korea (Yi and An, 2013) and analysed by genotyping using gene-
specific primers (Exo70 P1 and Exo70 P2) in combination with T-DNA border primers (LB or 









Figure 3.6: Schematic diagram of T-DNA insertion. Green and grey boxes indicate UTR regions and 
exons, respectively. T-DNA of vector is represented by triangle. Exo70 P1 and Exo70 P2 are gene-
specific primers and LB is left-border primer of T-DNA insertion (modified from Yi and An, 2003). 
 
 
Thirty T-DNA insertion mutant seeds of OsExo70-H3b were received and pre-germinated for 
genotyping and seed production. Only 19 seeds germinated and were genotyped. The expected 
genotypic distribution based on Mendelian genetics was a 1:2:1 ratio (i.e. 25% WT + 50% 
Heterozygotes + 25% Homozygous for mutation); however, the genotypic distribution 
observed from the 19 germinated seedlings was as follows: 8 WT + 11 Heterozygous + 0 
Homozygous (Figure 3.7). Unfortunately, due to very poor seed setting and low germination 
rate, a larger number of plants could not be produced, and amongst those produced, no 






Figure 3.7: Genotypic characterization of OsExo70-H3B T-DNA insertion mutant lines. Agarose 
gel electrophoresis shows genotyping results for OsExo70-H3B (2D-31114) T-DNA insertion lines (A-
C). Genotyping with OsExo70-H3b gene-specific primers shows amplification of WT bands in WT 
(Nipponbare – denoted as +) and all 19 plants at T2 generation (A). Genotyping with T-DNA border 
primers (RB2) plus one gene specific primer (OsExo70-H3b-R) reveals 11 heterozygous mutants (B) 
because all seedlings had a WT band as shown in above gel (A) at T2 generation. Four (out of 11) 
heterozygous plants were further cultivated and genotyped at T3 generation, and all plants had both the 











Exo70 exocyst is part of an exocyst complex comprising eight subunits - Sec3, Sec5, Sec6, 
Sec8, Sec10, Sec15, Exo70 and Exo84. The exocyst complex was first discovered in the 
budding yeast Saccharomyces cerevisiae (Novick et al., 1980; TerBush et al., 1996), and was 
later purified from the rat brain (Hsu et al., 1996). Studies show that the exocyst is recruited to 
sites of active exocytosis and membrane expansion, where it mediates the tethering of secretory 
vesicles to the plasma membrane prior to soluble N-ethylmaleimide-sensitive factor (NSF) 
attachment protein receptor (SNARE)-mediated exocytic fusion (Hsu et al., 1996). Land plants 
also possess a large family of Exo70 genes unlike other eukaryotes such as opisthokonts, where 
Exo70 is encoded by a single gene (Cvrčková et al., 2001; Cvrčková et al., 2012; Vukašinović 
et al., 2014). 
 
In plants, Exo70 exocysts are thought to contribute to polarized pollen tube development, root 
hair growth, cell wall material deposition, cell plate initiation and maturation, defence and 
autophagy (Synek et al., 2006; Fendrych et al., 2010; Kulich et al., 2013) and arbuscular 
mycorrhizal symbiosis (Zhang et al., 2015). The multiplicity of Exo70 paralogues within land 
plants has been associated with different processes, including cell-specific exocytosis within 
differentiating plant tissues; differential exocytosis or trafficking pathways within a single cell, 
especially those with more cortical recycling domains present, and exocytosis due to stress-
responses to pathogen attack or abiotic stress (for review, see Zarky et al., 2013). Studies in 
Arabidopsis showed that homozygote mutants of the AtExo70A1 gene exhibited phenotypic 
defects, such as impaired polar growth of root hairs and stigmatic papillae, suggesting the role 
of Exo70 in cell and organ morphogenesis (Synek et al., 2010). The Oryza sativa Exo70A1 
gene is associated with normal vascular bundle formation and mineral transport in rice as 
mutations in the Rls2 gene, which encodes OsExo70A1 resulted in irregular vascular bundles 
and perturbed mineral nutrient transport in rice (Tu et al., 2015).  
 
The role of Exo70 in symbiosis has also been highlighted. For instance, Genre et al. (2012) 
showed that vesicle exocytosis (which involves exocyst proteins) opposite the tips of growing 
hyphae leads to the extension of the peri-fungal membrane surrounding the intracellular hyphae 
in the legume Medicago truncatula and the non-legume Daucus carota.  The Medicago 
truncatula Exo70 exocyst protein known as MtExo70i has also been linked with normal 
development of the branch domain of the peri-arbuscular membrane (PAM) during arbuscule 
development as MtExo70i mutants exhibited an abnormal arbuscule phenotype with aberrant 
hyphal growth (Zhang et al., 2015). More specifically, the arbuscules of mtexo70i mutants had 
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short, random hyphal branches with an uneven width and frequently swollen at the tip. The 
arbuscules were surrounded by a PAM but with limited incorporation of PAM-resident ABC 
transporters (STR and STR2) in the branch domain, indicating that Exo70I activity is crucial 
during the early branching phase of the arbuscule, perhaps through the secretion of PAM-
resident proteins (Zhang et al., 2015).   
 
Exo70 exocyst function has also been associated with plant defence and pathogen response. 
For instance, two Arabidopsis Exo70 exocyst genes, AtExo70B2 and AtExo70H1 were shown 
to be non-redundantly involved in plant defence responses against three different pathogens, 
e.g. Pseudomonas syringae pv. maculicola, P. syringae pv. tomato and Hyaloperonospora 
parasitica (Pecenokova et al., 2011). Messenger RNAs from both exocysts were strongly up-
regulated upon stimulation with the fungus Blumeria graminis f. sp hordei, P. syringae and 
elicitors, such as elf18 (elicitor peptide derived from the bacterial elongation factor), and 
exposure of AtExo70B2 mutants to the non-host Blumeria graminis f. sp hordei resulted in cell 
wall thickenings (papillae) due to accumulation of extensive vesicular compartments on the 
cytoplasmic side, suggesting a defect in vesicle tethering or fusion (Pecenkova et al., 2011). 
Fungal penetration efficiency was not affected in this interaction, but infection by Blumeria 
graminis of a host plant (barley) that had a transiently silenced Exo70F1-like exocyst enhanced 
fungal penetration, implying a possible function of some Exo70 exocysts in disease resistance 
(Pecenkova et al., 2011). Furthermore, two Oryza sativa Exo70 exocyst subunits, Exo70F2 and 
Exo70F3 have been associated with plant immunity based on their interaction with M. oryzae 
effectors (Fujisaki et al., 2015). In this scenario, OsExo70F3 specifically interacts with the 
AVR-Pii effector to trigger Pii-dependent resistance in the rice-M. oryzae pathosystem 
(Fujisaki et al., 2015). AVR-Pii is a small (70 amino acid) secreted protein of M. oryzae 
(Yoshida et al., 2009) and Pii is a cognate rice resistance locus encoding a pair of CC (coiled-
coil)-NB (nucleotide-binding domain)-LRR (leucine rich repeat) type NLR (nucleotide-binding 
and leucine-rich repeat-containing) proteins (Takagi et al., 2013).  
 
Considering the known roles of Exo70 exocysts in plant-microbe symbiotic and detrimental 
interactions, we speculate that the target gene, OsExo70-H3b, may also be involved in a 
secretory pathway required for the assembly of the PAM and EIHM during rice root 
colonisation by R. irregularis and M. oryzae, respectively. Although Exo70 exocysts have been 
associated with defence responses in plants, it is highly unlikely that OsExo70-H3b will 
function in immunity during M. oryzae during rice root infection since the fungus seems to 
adopt an endophytic, rather than a pathogenic lifestyle in the root. For this reason, the 
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involvement of OsEx70-H3b for intracellular accommodation of R. irregularis and M. oryzae 
fungal hyphae in rice roots would be a more appropriate speculation, hence the various analyses 
performed here. First, was a phylogenetic characterization to determine how OsExo70-H3b 
relates to the symbiotic MtExo70i, as well as other rice and non-rice Exo70 exocysts, e.g. 
AtExo70H1 and AtExo70H2, which are involved in disease resistance. Second, was a 
molecular analysis of OsExo70-H3b function in rice roots inoculated with R. irregularis and 
M. oryzae, respectively, to validate the gene expression data presented by the Affymetrix 
microarray experiment. And third was a functional study utilising a T-DNA insertion mutant 
of OsExo70-H3b to better understand its biological role during rice root colonisation by both 
fungi.  
 
In this study, a rice Exo70 exocyst (OsExo70-H3b) which is induced during rice root 
colonisation by both mutualistic (R. irregularis) and detrimental (M. oryzae) fungi was 
identified. According to my phylogenetic characterization, OsExo70-H3b exocyst is a member 
of the Exo70 exocyst superfamily of genes, which consists of 43 members that cluster into nine 
subgroups (Exo70A-Exo70I) (Figure 3.2) in rice, as previously reported (Synek et al., 2006). I 
found that OsExo70-H3b belongs to the Exo70-H exocyst group, which consists of four 
exocysts (OsExo70-H3b and OsExo70-H3a, OsExo70-H1a and OsExo70-H1b) that maintain 
very close proximity with each other (Figure 3.2). At the amino acid sequence level, OsExo70-
H3b (Os11g01050) and its closest homologue, OsExo70-H3a (Os12g01040) share 99% 
similarity, indicating the possibility of an annotation error or a duplication event of OsExo70-
H3b in the rice genome. Further analysis with the Southern blot technique will clarify whether 
one or multiple copies of OsExo70-H3b gene are present in the rice genome, and is therefore, 
recommended. As the phylogenetic characterization did not identify any close homologue of 
OsExo70-H3b in both mycorrhizal and non-mycorrhizal dicotyledonous plant species, it is 
possible that OsExo70-H3b may have a monocotyledon-specific function.  
 
In addition, the closest homologue of MtExo70I, which is involved in the development of the 
sub-domain of the arbuscule (Zhang et al., 2015) was found in rice (OsExo70I). However, 
unlike MtExo70I, which is induced in AM symbiosis, OsExo70I is not induced during rice root 
invasion by either R. irregularis or M. oryzae based on our gene expression profile. Quantitative 
RT-PCR experiments validated the Affymetrix microarray data, which showed the co-
induction of OsExo70-H3b during R. irregularis and M. oryzae rice root colonisation (Figure 
3.5B, 3.5C). This suggests that OsExo70-H3b may have a functional role in AM symbiosis, as 




Attempts to functionally characterize T-DNA insertion mutant lines for OsExo70-H3b were 
hampered by the inability to recover homozygous mutant individuals due to a possible lethal 
effect, which implies that Exo70-H3b plays an essential role. This possibility is supported by 
studies in A. thaliana, which linked a homozygous mutation of AtExo70A1 to the development 
of smaller organs, loss of apical dominance and dramatically reduced fertility, thereby 
implicating AtExo70A1 function in cell and organ morphogenesis (Synek et al., 2006). Further 
support is rendered by studies linking the function of AtExo70A1 to the regulation of vesicle 
trafficking in tracheary element differentiation in A. thaliana (Li et al., 2013). Mutants of 
AtExo70I led to aberrant xylem development, dwarfed and nearly sterile plants with very low 
fertility, reduced cell expansion, and decreased water potential and hydraulic transport (Li et 
al., 2013).  
 
Although a full functional analysis could not be performed due to the failure to recover 
homozygous mutant lines of OsExo70-H3b, the expression profile presented here, provide an 
indication that the Exo70-H3b exocyst protein may play a role during rice root colonisation by 
R. irregularis and M. oryzae. For AM symbiosis and in analogy to other work, OsExo70-H3b 
may be involved in the biogenesis of the plant-derived peri-arbuscular membrane (PAM) 
through vesicle trafficking and exocytosis opposite the tips of growing hyphae, thus resulting 
in the extension of the PAM as shown in M. truncatula and the non-legume D. carota (Genre 
et al., 2012). More specifically, OsExo70-H3b may be involved in the early branching phase of 
arbuscule development as shown in M. truncatula, where exo70i mutants failed to support 
normal arbuscule development and limited the incorporation of the PAM-resident ABC 
transporters (required for arbuscule development and functional symbiosis), STR and STR2 
(Zhang et al., 2010) into the PAM (Zhang et al., 2015). The study also showed that MtExo70I 
accumulated in spatially restricted zones adjacent to the PAM at arbuscule branch tips, where 
it interacts with an arbuscule-specific protein known as Vapyrin (Pumplin et al., 2010; Zhang 
et al., 2015). Considering the spatial location of Exo70I and its ability to interact with Vapyrin, 
it was suggested that Vapyrin probably acts as a scaffold protein that recruits or maintains 
Exo70I adjacent to the PAM at the hyphal tips (Zhang et al., 2015). It is possible that OsExo7-
H3b functions in a similar fashion as MtExo70I, but more experimental analysis must be carried 
out to determine its specific role during AM symbiosis.  
 
With respect to detrimental plant-microbe interactions, the role of some Exo70 exocysts such 
as AtExo70B2, AtExo70H1, OsExo70F2 and OsExo70F3 have been associated with plant 
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defence and pathogen response (Pecenokova et al., 2011; Fujisaki et al., 2015). AtExo70B2 has 
also been associated with controlling PAMP signalling potentially through recycling signalling 
proteins (Stegmann et al., 2012). In its signalling role, AtExo70B2 targets the plant U-box-type 
ubiquitin ligase 22 (PUB22), which act in collaboration with PUB23 and PUB24 to negatively 
regulate PAMP-triggered responses (Stegmann et al., 2012). Although Exo70 activity has not 
been studied during rice root invasion by M. oryzae, my experiments suggest that OsExo70-
H3b may be required in cellular processes involving the development of plant-fungal interfaces 
such as the EIHM to accommodate the pathogen in rice roots.  
 
 
3.4. Characterization of the candidate lectin receptor-like kinase (LecRLK) 
3.4.1. Phylogenetic characterization of plant lectin receptor-like kinases 
Lectin receptor-like kinases are represented by 75 members in Arabidopsis and more than 173 
members in rice, with no homologues found in yeast and human genomes (Hervé et al., 1996). 
To determine the position of the target LecRLK (Os07g38800), a phylogenetic tree was 
produced using amino acid sequences of all rice LecRLKs available on the rice genome 
database. All genes clustered into three major classes or types based on their lectin domains, 
e.g. L-, G- and C-types. The majority of the LecRLK superfamily clustered within the L- or G-
type clade, with only one LecRLK belonging to the C-type. Interestingly, we identified our 
candidate OsLecRLK (Os07g38800) as an L-type LecRLKs (Figure 3.8A), with a close 
homologue/paralogue in the O. sativa family (Os07g38820) and an orthologue in the Oryza 
brachyantha family (Figure 3.8B). As with OsExo70-H3b, no orthologues of OsLecRLK 
(Os07g38800) were found in either mycorrhizal or non-mycorrhizal dicotyledonous plants, 

























Figure 3.8: A maximum-likelihood phylogenetic tree of OsLecRLK superfamily of genes. All 
assessed OsLecRLKs clustered into 3 subgroups/clades (G-type - green, L-type – red, and the C-type) 
based on their extracellular lectin domains (A). Only one C-type LecRLK was identified. Phylogenetic 
tree showing OsLecRLK orthologues (B). An O. brachyantha LecRLK was identified as the closest 
homologue. Two outgroups Rattus rattus and Polyandrocarpa misakiensis (indicated as the non-
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3.4.2. OsLecRLK (Os07g38800) is induced in rice roots upon exposure to R. irregularis and 
M. oryzae  
To validate the Affymetrix microarray data, which showed that OsLecRLK (Os07g38800) is 
highly co-upregulated during rice root colonisation by R. irregularis (FC = 6) and M. oryzae 
(FC = 9) (Table 4, Figure 3.9), a qRT-PCR was performed. This resulted in a 28-fold increase 
(P < 0.01) in OsLecRLK (Os07g38800) transcript level in R. irregularis colonised roots relative 
to the mock at 7 wpi, and a 6-fold increase (P < 0.01) in M. oryzae colonised rice roots compared 
to the corresponding mock at 7 dpi (Figure 3.9B, 3.9C). These results confirm the Affymetrix 





Figure 3.9: OsLecRLK (Os07g38800) gene expression analysis in R. irregularis and M. oryzae 
inoculated and non-inoculated rice roots. OsLecRLK (Os07g38800) transcript level was significantly 
increased in rice roots colonised by both fungi at 7 wpi and 7 dpi, respectively (B-C), validating the 
Affymetrix microarray data (A). OsLecRLK (Os07g38800) expression level was normalized to the 
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SD. Asterisks indicate significant differences between expression levels in colonised and non-colonised 




3.4.3. Investigating the functional role of OsLecRLK (Os07g38800) during rice root 
colonisation by R. irregularis and M. oryzae 
 
Since my analyses indicated that OsLecRLK (Os07g38800) gene is highly induced during rice 
root colonisation by R. irregularis and M. oryzae fungi, it was necessary to determine the role 
of OsLecRLK during colonisation of rice roots by both fungi. To this end, T-DNA insertion 
mutant seeds of OsLecRLK_Os07g38800 (4A-20704) were obtained from the Korean T-DNA 






Figure 3.10: Schematic diagram of T-DNA insertion. Green and grey boxes indicate UTR regions and 
exons, respectively. T-DNA of vector is represented by triangle. LecRLK P1 and LecRLK P2 are gene-




Out of 40 seeds, 33 (83%) germinated and were genotyped using both gene-specific primers 
and T-DNA insertion primers as suggested by Yi and An, 2013. Unfortunately, only WT alleles 
were amplified in all seedlings (Figure 3.11), indicating that the seed batch may have contained 






Figure 3.11: Genotypic characterization of OsLecRLK (Os07g38800) T-DNA insertion mutant 
lines (4A-20704). The presence of only wild-type bands is seen on the gel. Positive control (+) was 
genomic DNA from a corresponding WT plant, whereas the negative control (-) was the PCR master 





Plant lectin receptor-like kinases (LecRLKs) belong to a class of receptor-like kinases 
comprising of three major domains; an extracellular or N-terminal lectin domain, an 
intermediate transmembrane domain, and a C-terminal kinase domain. They are divided into 
three classes - G-type, C-type and L-type LecRLKs and this classification is based on the 
properties of their lectin motifs (Shiu and Bleecker, 2001). G-type LecRLKs have a lectin 
domain homologous to the mannose-specific lectins of bulb species, and they have been 
associated with self-complementarity in flowering plants, seed germination (Cheng et al., 
2013), innate immunity and disease resistance (Liu et al., 2015). C-type LecRLKs contain a 
calcium-dependent lectin motif, and only one member has been identified in both Arabidopsis 
and rice (Oryza sativa), with their function remaining largely unknown (Bellande et al., 2017).  
Although legume lectins are abundant in legume seeds, they are not legume-specific because 
related genes were found in other plants and animals. Structural studies indicate that legume 
lectins are small calcium-/Manganese-containing (glyco) proteins with a conserved tertiary 
structure composed of three β-sheets (Loris et al., 1998). Their carbohydrate-binding specificity 
usually varies due to variability around a conserved core of residues defining a monosaccharide 
binding site. They can be dimeric or tetrameric, and some of them undergo an oligomerization 
process that leads to the creation of one or multiple binding sites for hydrophobic ligands, such 
as adenine, related cytokinins and auxins (Bouckaert et al., 1999). In vivo, the actual ligands of 
legume lectins are more complex glycans including simple sugars and hydrophobic hormones 
(Loris, 2002).  
 
Due to the close resemblance of the L-type LecRLKs to legume lectins, their involvement in 





Arabidopsis suggest they are unlikely receptors for small sugars due to their poorly conserved 
sugar-binding site (Hervé et al., 1996). The better conserved hydrophobic-binding site of the 
L-type LecRLKs lends support to their involvement in the recognition of either small 
hydrophobic hormones or more complex glycans (Barre et al., 2002). Accumulation of defence-
related metabolites such as nicotine, diterpene-glucosides and trypsin-protease was affected 
due to the silencing of LecRLK1 in Nicotiana attenuata (Gilardoni et al., 2011) and their roles 
have been implicated in various physiological processes, such as protein sorting, recognition, 
embryogenesis, and development. 
 
The L-type LecRLK comprises of an extracellular kinase domain that resembles the 
carbohydrate-binding protein of the legume lectin family. They were first described in 
Arabidopsis and are thought to play a role in transduction pathways involving carbohydrate and 
plant hormone signals (Hervé et al., 1996). A comprehensive expression analysis of all the L-
type LecRLKs (Bouwmeester and Govers, 2009) revealed that most of the LecRLK genes are 
not or weakly expressed in all tissues and developmental stages in Arabidopsis thaliana, except 
for three genes; LecRK-I.9 (Does Not Respond to Nucleotides 1 or DORN1 eATP receptor 
(Choi et al., 2014)), LecRK-IV.1 and LecRK-VIII.1, whose transcripts are found in all tissues 
(for review, see Bellande et al., 2017). By contrast, the expression of many genes change in 
response to various stimuli such as hormones, abiotic stress and elicitors.  
 
Consistent with the above, the lectin receptor-like kinase gene NbLRK1 from Nicotiana 
benthamiana is associated with the recognition of Phytophthora infestans INF1 elicitor and the 
mediation of INF1-induced cell death (Kanzaki et al., 2008). Similarly, the L-type cell surface 
lectin receptor-like kinase LecRK-1.9 in Arabidopsis is linked to enhanced resistance to P. 
infestans in the Solanaceous plants potato and N. benthamiana (Bouwmeester et al., 2014). 
Overexpression of LecRK-1.9 strengthened cell adhesion, which hindered penetration and 
intracellular proliferation of P. infestans. With respect to AM symbiosis, not much is known 
about the role of LecRLKs, however, a study identified a family of nine MtLecRLK genes, some 
of which are speculated to be involved in a signalling pathway that possibly requires rhizobial-
lipo-chitooligosaccharides to establish legume-rhizobia symbiosis (Navarro-Gochicoa et al., 
2003).  
 
This sub-chapter aimed to investigate the role of the target OsLecRLK gene (Os07g38800) 
during rice root colonisation by both R. irregularis and M. oryzae. It involved the phylogenetic 
characterization of the target gene to identify which class of LecRLKs it belongs to and its 
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relationship with other plant LecRLKs, especially those identified to play a role in symbiosis 
and plant infection by detrimental microbes. Functional studies using T-DNA insertion mutant 
lines were also performed to better understand the biological role of the gene during rice root 
colonisation by both fungi. The study led to the identification of a novel putative L-type 
OsLecRLK (Os07g38800) that is upregulated during R. irregularis and M. oryzae rice root 
invasion. Based on our phylogenetic characterization, OsLecRLK (Os07g38800) has close 
paralogues and orthologues in other monocotyledonous plants and grasses including Zea mays, 
Brachypodium, Aegilops sp., Triticum aestivum, and O. brachyantha, which is its closest 
homologue (Figure 3.8B). Interestingly, no homologue was found in eudicot species, implying 
that OsLecRLK (Os07g38800) has a monocot-specific function.  
 
Consistent with the Affymetrix microarray data (Table 4), gene expression validation 
experiments by qRT-PCR revealed a significant increase (P < 0.01) of OsLecRLK 
(Os07g38800) transcript level in both R. irregularis and M. oryzae inoculated rice roots (Figure 
3.9B, 3.9C). Unfortunately, functional analysis was not possible due to the lack of suitable 
stable transgenic knockout lines of the target gene. 
 
So far, results obtained from this study point towards a role of OsLecRLK (Os07g38800) during 
rice root colonisation by R. irregularis and M. oryzae. This is supported by very few studies, 
which have shown the involvement of LecRLK genes in symbiosis and plant innate immunity. 
For example, some members of a family of nine M. truncatula LecRLK genes were speculated 
to be involved in a signalling pathway that possibly requires rhizobial-lipo-
chitooligosaccharides to establish legume-rhizobia symbiosis. The enhanced expression of the 
MtLecRLK genes in Medicago roots indicated that they may play a role in the regulation of 
nodulation, but probably not through Nod factor binding (Navarro-Gochicoa et al., 2003). Some 
G-type rice LecRLKs have also been linked to resistance to attacks by herbivorous insects, such 
as the Brown Planthopper (BPH) and the rice pathogens M. oryzae and Xanthomonas oryzae, 
the causative agent of bacterial blight (Cheng et al., 2013). In particular, a gene cluster, Bph3, 
encoding lectin receptor kinases was found to confer broad-spectrum resistance to the brown 
planthopper insect and M. oryzae (Liu et al., 2015). Together with these studies, our preliminary 
data suggest a role for OsLecRLK (Os07g38800) gene in AM symbiosis and rice root 
interaction with M. oryzae, but further investigation is required to fully understand the specific 






3.5. Exploring the role of DUF538 genes during rice root colonisation by R. irregularis and 
M. oryzae  
 
The DUF538 protein superfamily is made up of several plant proteins of unknown function. 
They have a molecular weight of 19-21 kDa and encode about 170 amino acids (Gholizadeh 
2016). The DUF538 superfamily of genes is widely distributed across monocotyledonous and 
dicotyledonous plant species (Gholizadeh 2011; Takahashi et al., 2013). In Arabidopsis 
thaliana, DUF538 protein has a three-dimensional petal-like structure, with its protein structure 
dominated by β-strands. Their function has largely been predicted using genome annotation 
tools, as well as cloning from plants challenged with various environmental stimuli such as 
nutrient deficiency and mild drought, as well as crown gall and mixed elicitors (Gholizadeh 
and Baghbankkohnehrouz, 2010).  
 
DUF538 proteins are suggested to play a role in the regulation of different stress responses in 
plants due to their predicted high phosphorylation potential (Nakagami et al., 2010). This was 
supported by the activation of the redox system of plant cells by an exogenously applied fusion 
form of DUF538 protein using a plant tissue abrading material (Gholizadeh 2011). Although 
thorough experimental investigations to understand the function of DUF538 proteins have not 
been performed, a structural study predicted plant DUF538 proteins to be homologues to the 
Bactericidal Permeability Increasing (BPI) proteins found in the immune system of mammals 
(Gholizadeh and Kohnehrouz, 2013). BPI are thought to provide the first line of defence against 
different pathogens including bacteria, fungi, viruses and parasites. However, no association 
with symbiosis or accommodation of detrimental microbes in plant roots has yet been found.    
 
 
3.5.1. Characterisation of the DUF538 superfamily of genes 
The RiceXPro database predicts that the rice genome contains about 29 DUF538 proteins of 
unknown function, with 11 DUF538 proteins expressed. It is not however, entirely clear how 
many of these genes are present in other plant species. From my transcriptome comparison 
analysis (Figure 3.1), four of these DUF538 genes (Os07g2880, Os07g02920, Os11g38210 and 
Os11g38240) were co-upregulated during rice root colonisation by both R. irregularis and M. 
oryzae (Table 5); however, gene expression validation experiments by qRT-PCR (Figure 3.12) 
confirmed the co-upregulation of three DUF538 genes (Os07g02880, Os07g02920 and 
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Os11g38210) during rice root colonisation by R. irregularis and M. oryzae at 7 wpi and 7 dpi, 
respectively. Based on their expression profile from both the Affymetrix microarray and qRT-




















































888 49 18 381 48 8 
 
Table 5: Affymetrix microarray data showing the expression profile of four DUF538 genes during 
rice root colonisation by R. irregularis (Ri) and M. oryzae (Mag). Ri inoculated and non-inoculated 
rice root types (CR and LLR) were compared at 7 wpi, whereas Mag inoculated, and non-inoculated 
roots were compared at 6 dpi. These DUF538 genes were strongly co-upregulated (FC ≥ 2.5) during 










Figure 3.12: DUF538 gene expression analysis in R. irregularis and M. oryzae inoculated and non-
inoculated rice roots. The transcript levels of the three rice DUF538 genes (Os07g02880, Os07g02920 
and Os11g38210) genes were measured by qRT-PCR and normalized to the expression of Cyclophilin 
(A-F). Bars represent the means of three biological replicates (n = 1) ± SEM. Asterisks indicate 
significant differences between expression levels in colonised and non-colonised roots. (t-test, *, P < 





Following the validation and selection of three strongly co-upregulated DUF538 (Figure 3.12), 
the transcriptional activity of the other eight DUF538 genes during rice root colonisation by 
both R. irregularis and M. oryzae was monitored by qRT-PCR. The results show that an 
additional three DUF538 genes (07g02900, 07g02690 and 11g38240) and four DUF538 genes 
(07g02900, 07g02690, 07g02940 and 07g02850) were induced during rice root colonisation by 
R. irregularis and M. oryzae, respectively (Figure 3.13, 3.14). On the other hand, five DUF538 
genes (07g02940, 07g02850, 07g02700, 07g02870 and 11g38220) and four DUF538 genes 
(07g02700, 07g02870, 11g38220 and 11g38240) were not induced during rice root interactions 
with Rhizophagus and Magnaporthe, respectively (Table 6). Taken together, the qPCR-based 
gene expression analysis showed that 5 (out of 11) DUF538 genes were co-induced during rice 
root interactions by both fungi; one gene (11g38240) was exclusively induced by R. irregularis, 
two genes (07g02940 and 07g02850) were solely induced by M. oryzae, whereas three genes 






Figure 3.13: Molecular quantification of DUF538 transcript levels in R. irregularis colonised and 
non-colonised rice roots. Expression of DUF538 genes was normalised to the expression (geomean) 
of three O. sativa housekeeping genes (Cyclophilin, GAPDH and Ubiquitin). During rice root 
colonisation by R. irregularis, three genes were induced (A-C) and two genes were not induced (D-E, 
indicated in red) and three genes were extremely lowly expressed but perhaps at a detectable level (F, 




























































































































































































































Figure 3.14: Molecular quantification of DUF538 transcript levels in M. oryzae colonised (MAG) 
and non-colonised (Mock) rice roots. Expression of DUF538 genes was normalised to the expression 
(geomean) of three O. sativa housekeeping genes (Cyclophilin, GAPDH and Ubiquitin). Four genes 
were induced (A-D), one gene was very lowly expressed (E) and the transcript of three genes were not 
detectable by qPCR (F, G, H; indicated in red) in M. oryzae colonised rice roots. Bars represent the 
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Table 6: Affymetrix microarray and qPCR-based gene expression profile of 11 DUF538 genes in 






















888 49 18 381 48 8 






583 18 32 342 24 14 






284 13 22 186 11 17 






602 18 33 104 12 9 















































1455 180 8 Not found 






Not found Not found 






Not found Not found 






Not found Not found 
(qPCR)  NI NI  NI NI  
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gene expression values of all DUF538 genes in inoculated and non-inoculated rice roots as shown by 
the Affymetrix microarray data. Affymetrix gene expression data were validated by qRT-PCR. Induced 
genes are denoted as ‘Induced’, whereas non-induced genes are denoted as ‘NI’. Genes that were not 




3.5.2. Phylogenetic analysis of DUF538 proteins 
A phylogenetic characterization of the rice DUF538 proteins was performed. This showed the 
clustering of the DUF538 proteins into two major clades based on the two chromosomes, 7 and 
11, on which the corresponding genes are found. The eight DUF538s on chromosome 7 
clustered in one clade, whilst the three DUF583s on chromosome 11 formed the other clade. 
As revealed by my molecular analysis, two M. oryzae specific DUF538 proteins (07g02850 
and 07g02940) clustered in one clade whilst the only mycorrhizal-specific DUF538 
Os11g38240 was found on a separate clade (Figure 3.15). Interestingly, the five DUF538 genes 
that were co-upregulated by R. irregularis and M. oryzae (green highlight on Figure 3.15), 
clustered within the two major clades, although four of them on chromosome 7 clustered 
together with the two M. oryzae-specific DUF538 genes. Three DUF538 genes absent in the 
Affymetrix microarray data and which were not expressed in either of the plant-fungal 
interactions based on the qPCR analysis, appeared close to each other on the phylogenetic tree 
(red highlight, Figure 3.15), although it is not exactly clear whether this has any relevance to 







Figure 3.15: Maximum-likelihood phylogenetic tree showing the clustering of 11 DUF538s 
expressed in O. sativa. The DUF538 proteins cluster into two major clades based on the two 
chromosomes in which their corresponding genes are found. M. oryzae-specific DUF538s (yellow) 
cluster together on a clade separate from the mycorrhiza-specific DUF538 protein (blue). Five DUF538s 
(green) are co-induced by both fungi, whilst three DUF538s (red) are not induced by either fungus.  
 
3.5.3. The functional role of OsDUF538 genes during rice root colonisation by R. 
irregularis and M. oryzae   
To understand whether OsDUF538 proteins of unknown function have any biological function 
during the colonisation of rice roots by R. irregularis and M. oryzae, multiplex CRISPR-Cas9 
gene editing technology was employed to perturb OsDUF538 gene function in rice. Although 
gene expression analyses showed that only five OsDUF538 genes (Os07g02880, Os07g02920, 
Os07g02690, Os07g02900 and Os11g38210) are significantly co-upregulated in both 
Rhizophagus and Magnaporthe rice root interactions, the ideal reverse genetics approach would 
have been to knockout all 11 DUF538 genes expressed in rice to avoid any redundancy effect. 
While this appeared challenging, it was decided to design a multiplex CRISPR-Cas9 approach 
to simultaneously edit as many DUF538 genes as possible in parallel. This was done using a 
single guide RNA designed from one DUF538 gene (Os07g02880), which is co-induced in rice 
root colonisation by both R. irregularis and M. oryzae. The DUF538 genes have a high level 
of similarly at the nucleotide sequence level (Figure 3.16), thus permitting the targeting of 




Figure 3.16: A schematic showing the nucleotide sequence of OsDUF538 genes. The single guide 
RNA sequence of DUF538 (Os07g02880) is shown in the gene coding sequence (CDS) region (A). 
Alignment of all 11 rice DUF538 genes reveals highly conserved regions (B). The sgRNA sequence 







The single guide RNA (GAC CGT CTC CTA TGC CAA CG AGG) used for the gene editing 
consists of 23 nucleotide sequences including three base Protospacer Adjacent Motif (PAM) 
site (green). The sequence is located at positions 222 to 245 from the DUF538_Os07g02880 
transcription start site (ATG) in the rice genome (Figure 3.17).  An alignment of all 11 DUF538 
gene (Figure 3.16B) and protein (not shown) sequences revealed highly conserved regions 





Figure 3.17: A schematic diagram showing the sgRNA sequence position in the CDS region of 
DUF538 (Os07g02880). The CDS region (429 base pairs) begins with a transcription start site (ATG) 
and ends with a stop codon (TAG). The sgRNA with a PAM site (green) is located between 222 to 245 
in the CDS region.  
 
 
Following the introduction of the single guide RNA (sgRNA) sequence into an entry vector 
(Figure 3.18A), and subsequent ligation with a destination vector (Figure 3.18B) containing 
cas9, successful constructs (see appendix for final construct) were introduced into rice seedlings 
by agrobacterium transformation. A total of 31 primary transformants and four empty vector 
control plants were produced. Initial screening of the primary regenerants by genotyping and 
Sanger sequencing led to the identification of successful gene editing events in seven seedlings 
at the T0 generation (Figure 3.19). Four of these lines were characterized further at the T2 







Figure 3.18: Schematic diagram of the vectors used for the CRISPR-Cas9 gene editing. The 
sgRNA was introduced into the entry vector and subsequently ligated (via an LR reaction) to the 

































Figure 3.19: DUF538 genes with successful edits in the target sgRNA region. Genotyping and 
sequencing of genomic DNA from the CRISPR-Cas9 primary regenerants revealed editing events, 
mainly deletions, insertions and single base substitutions within the sgRNA region (shown in box) of 






At the next generation (T2), genotyping by sequencing were performed on the four selected 
lines. This also included a test for the presence or absence of Cas9 nuclease activity. 
Interestingly, a few more DUF538 genes were edited in the plants (Table 7), with Cas9 either 
present or absent in the different segregating plant populations. The highest number of edited 
genes were seen in the duf538.up87.13 gene edited line. One of these lines (duf538.up87.13+) 
still had Cas9 nuclease function and failed to produce seeds (Figure 3.20), whereas the line 
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Table 7: Genotyping by sequencing data of selected CRISPR-Cas9 OsDUF538 gene edited plants 
at T2 generation. (+) indicates the presence of a single base mutation (deletion, insertion or 
substitution) whereas (-) indicates the occurrence of no mutation. (++++) indicates there is a 4 bp 
insertion. 
 
   
Figure 3.20: CRISPR-Cas9 gene edited duf538.up87.13+ rice plants. The mutant line failed to 
produce seeds at the T2 generation (B-C) compared to the wild-type (A). It had the highest number of 
successfully edited genes, possibly due to the presence of Cas9 into the next generation.  
duf538.up87.13+ Wild-type duf538.up87.13+ 
A B C 
112 
 
               
 
Figure 3.21: A schematic showing the sequence alignment of WT (Nipponbare) and CRISPR-
Cas9 gene edited UP87.13 (duf538.up87.13) plant at T0. Sanger sequencing revealed a 4 bp deletion 
mutation (red highlight) in the single guide RNA region of the OsDUF538 (Os07g02880) target gene, 
which is located in the middle of the gene CDS region (see Figure 3.16). The sgRNA protospacer 
adjacent motif (PAM) sequence is indicated in green.  
 
 
Another interesting gene editing event was seen in the UP87.1 line, which had a 15 bp deletion 
in the sgRNA region of DUF538 (Os07g02880) at T0 (Figure 3.21). However, the primary 
regenerant of this line was only able to produce two seeds after a very long delay (i.e. when 
other regenerants were at T2 generation). One seed germinated and was propagated for seed 
production (T2). Seedlings from five seeds (UP87.1, T2 generation) were genotyped and 
sequenced to determine how many of the DUF538 genes were edited and whether the plants 
still possessed Cas9 activity. Interestingly, Cas9 activity had been lost from all the genotyped 
plants, but also, the 15 bp deletion detected in the primary regenerant (Figure 3.19) was no 
longer seen in these T2 plants. Instead, a single base substitution and deletion were found in 
two OsDUF538 genes (Os07g02700 and Os07g02870) (Table 7), which are not induced in rice 
roots by either R. irregularis or M. oryzae as shown by our molecular analysis. The absence of 
the 15 bp deletion in the T2 plants may be attributed to the poor seed production and low seed 
number in a segregating plant population.  
 
 
            
 
Figure 3.22: A schematic showing the sequence alignment of WT (Nipponbare) and CRISPR-
Cas9 gene edited UP87.1 plant at T0. Sanger sequencing revealed a 15 bp deletion mutation (red 
highlight) in the single guide RNA region of the OsDUF538 (Os07g02880) target gene, which is in the 
















The UP87.11 gene edited line successfully had a 4 bp deletion (homozygous) in the sgRNA 
region of the target DUF538 (Os07g02880) gene at T0, with functional Cas9 nuclease activity 
(Figure 3.22). Upon propagation to the T2 generation, the 4 bp deletion in the sgRNA region 
of DUF538 (Os07g02880) was retained, but an additional DUF538 gene (Os07g02700), which 
is not induced by R. irregularis or M. oryzae was edited with several types of mutations, 
especially single base substitutions. Five bases were substituted inside the sgRNA region and 
several others occurred across the CDS region of this gene (Figure 3.23).  Due to the loss of 
Cas9 activity in the T2 generation, this plant was phenotyped as shown in subchapter 3.5.4.  
 
 
          
 
       
       
Figure 3.23: A schematic showing the sequence alignment of WT (Nipponbare) and CRISPR-
Cas9 gene edited UP87.11 plant at T0. Sanger sequencing revealed a 4 bp homozygous deletion 
mutation (red/black highlight with arrows) in the sgRNA region of the OsDUF538 (Os07g02880) target 






Figure 3.24: An alignment of the CDS region of WT and UP87.11 gene edited CRISPR-Cas9 
plants. Sanger sequencing revealed several single base substitutions in the CDS region of DUF538 
(Os07g02700). The sgRNA region is highlighted in rectangular box.   
sgRNA: GACCGTCTCCTAT----ACGAGG 









3.5.4. Phenotypic characterization of R. irregularis inoculated OsDUF538 CRISPR-Cas9 
gene edited plants  
To determine whether perturbation in DUF538 gene function caused any phenotypic aberration 
in rice roots inoculated with R. irregularis or M. oryzae, four mutant lines were selected and 
phenotyped based on the number of edited DUF538 genes. Four mutant lines were phenotyped 
after colonisation experiments with R. irregularis (duf538.up87.11, duf538.up.13 and 
duf538.up.18b) and M. oryzae (duf538.up87.18b and duf538.up87.1). Following trypan blue 
staining of colonised rice roots at 5 wpi, total root length colonisation by R. irregularis 
structures was quantified. Experimental results showed no difference in the total level of 
colonisation in duf538.up87.11 plants compared to the WT (Figure 3.25). However, a 
significant reduction (P < 0.01) in the total level of colonisation was seen in duf538.up87.13 





Figure 3.25: Quantification of fungal infection structures in WT and duf538.up87.11 CRISPR-
Cas9 gene edited mutant lines. The occurrence of fungal colonisation structures such as hyphopodia, 
vesicles, arbuscules (arrow) and intra-radical hypha (IH) in trypan blue-stained root pieces is shown as 
percentage of the total number of root pieces assessed (C). Fungal infection structures in the WT (A) 
and mutant (B) were quantified at 5 wpi. Bars represent the average of 3 biological replicates ± SEM 
ns 







(in one experiment). Asterisks indicate significant differences between the WT and duf538.up87.11. 








Figure 3.26: Quantification of fungal infection structures in WT and duf538.up87.13 CRISPR-
Cas9 gene edited mutant lines. Fungal infection structures are seen in the WT (A) and mutant (B) at 5 
wpi. Root length colonisation shows a 24% reduction (P < 0.01) in total fungal colonisation in 
duf538.up87.13 mutants relative to the WT (C). Bars represents the average of three biological replicates 
± SEM (in one experiment). Asterisks indicate significant differences between the WT and 
duf538.up87.13 (Student’s t‐test; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Scale bar = 10 µm. 
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Figure 3.27: Quantification of fungal infection structures in WT and duf538.up87.18b CRISPR-
Cas9 gene edited mutant lines. Fungal infection structures, e.g. arbuscules are seen in the WT (A) and 
mutant (B) at 5 wpi. In addition, vesicles (V) connected to extraradical hyphae (C) are seen in the 
mutants. Root length colonisation shows a 27% reduction (P < 0.01) in total fungal colonisation in 
duf538.up87.18b mutants relative to the WT (D). Bars represents the avearge of three biological 
replicates ± SEM (in one experiment). Asterisks indicate significant differences between the WT and 
duf538.up87.13 (Student’s t‐test; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Scale bar = 10 µm. 
 
 
3.5.5. Phenotypic characterization of the M. oryzae colonisation of OsDUF538 CRISPR-
Cas9 gene edited plants  
To determine whether M. oryzae colonisation of gene edited duf538 rice lines was altered 
relative to the WT plants, two mutant lines (duf538.up87.1 and duf538.up87.18b) were selected 
and inoculated with M. oryzae. These lines were selected based on the number of edited 
DUF538 genes (Table 7) and availability of seeds. Also, due to the shortage of time to produce 
enough seeds, other duf538 mutant lines were not fully characterized with regards to their M. 
oryzae infection phenotype. Notably, duf538.up87.18b was the only mutant line assessed for 
both Magnaporthe and mycorrhizal phenotypes. Following a time-course experiment, live-cell 
confocal imaging of inoculated duf538.up87.1 and duf538.up87.18b root pieces revealed no 







obvious phenotypic difference between the mutants and the WT at 4- and 7 dpi, respectively 
(Figure 3.28). GFP-expressing M. oryzae grew intracellularly, crossing over from cell to cell in 
both mutants and the WT at both time points. qPCR-based gene expression analysis showed no 
significant difference in the level of M. oryzae colonisation in the mutants relative to the WT 
(Figure 3.29). The level of fungal colonisation was determined by quantifying the expression 
of three M. oryzae housekeeping genes (MoActin, MoTubulin and Mo40s8), which are 
constitutively expressed in rice roots colonised by M. oryzae (Figure 3.29). 
 
 
   
   
 
Figure 3.28: Live-cell confocal imaging of M. oryzae colonised WT and duf538 CRISPR-Cas9 
mutant rice lines. M. oryzae proliferates from cell to cell in both the WT and duf538 mutants at 4 and 
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Figure 3.29: Quantification of M. oryzae molecular biomass in colonised WT and duf538 CRISPR-
Cas9 mutant rice roots at 7 dpi. The expression levels of three M. oryzae housekeeping genes 
(MoActin, MoTubulin and Mo40s8 ribosomal protein) were normalized to the expression of three rice 
housekeeping genes (Actin, GAPDH and Ubiquitin). Bars represent means of three biological replicates 
± SEM (in one experiment). Asterisks indicate significant differences between expression levels in M. 
oryzae colonised versus non-colonised roots of the same genotype. (ANOVA, *, P < 0.05; **, P < 0.01; 






















































3.5.6. Discussion  
In this sub-chapter, I discovered a novel subset of rice DUF538 domain containing proteins of 
unknown function, which are induced in response to colonisation by both R. irregularis and M. 
oryzae. These genes (Os07g02880, Os07g02920 and Os11g38210) were identified through 
computational analysis of two independent, previously published transcriptomic studies 
(Marcel et al., 2010; Gutjahr et al., 2015). qPCR-based gene expression analysis confirmed the 
co-induction of these genes (Os07g02880, Os07g02920 and Os11g38210), as well as two other 
DUF538 genes (Os07g02960 and Os07g02900) during rice root interaction with both 
mutualistic and detrimental fungi (Figure 3.12, 3.13 and 3.14). These two additional genes were 
initially excluded by the filtering criteria set during the Affymetrix microarray data merging 
and gene selection process due to their high mock background (> 50) (Figure 3.1). However, 
gene expression analysis classified all 11 OsDUF538 genes into four categories based on their 
expression pattern (Table 6). They are as follows; Mycorrhiza-specific DU538 gene 
(Os07g38240), Magnaporthe-specific DUF538 gene (Os07g02850 and Os07g02940), not 
induced by either fungus (Os07g02700, Os07g02870 and Os11g38220), and co-induced by 
both fungi (Os07g02880, Os07g02920, Os07g02960, Os07g02900 and Os11g38210).  
 
Considering that the biological role of DUF538 genes in rice interactions with microbes is not 
yet known, we utilized a reverse genetics approach to investigate their function during rice root 
colonisation by R. irregularis and M. oryzae. This involved the application of a multiplex 
CRISPR-Cas9 gene editing approach using a single guide RNA, which was designed based on 
the close nucleotide sequence homology of the OsDUF538 gene candidates. Surprisingly, this 
approach led to the successful targeting of up to seven OsDUF538 genes (duf538.up87.13) as 
revealed by Sanger sequencing (Table 7). Several editing events were also seen in different 
combinations in other plants, but a few plants were selected for further characterization based 
on the number of genes successfully edited (Table 7).  
 
Functional characterization revealed a possible subtle phenotype for R. irregularis but not for 
M. oryzae in one assessed duf538 (duf538.up87.18b) mutant line. The mutant lines 
duf538.up87.18b and duf538.up87.13 were successfully edited in seven and five DUF538 
genes, respectively (Table 7, Figure 3.19). Interestingly, both mutant roots showed a 24% (P < 
0.01) and 27% (P < 0.01) reduction in colonisation by R. irregularis compared to the WT 
(Figure 3.26, 3.27). In contrast, no phenotypic difference was seen between the WT and two 
inoculated duf538 mutant (duf538.up87.18b and duf538.up87.1) roots inoculated with M. 
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oryzae and assessed by live-cell confocal imaging (Figure 3.28) and qPCR (Figure 3.29). The 
absence of a phenotype in M. oryzae inoculated duf538 mutant lines may be due to the 
combination of edited DUF538 genes, which may be involved in rice root colonisation by R. 
irregularis and not M. oryzae. As the role of DUF538 genes are relatively unknown in plant-
microbe interactions, it is difficult to speculate the exact function of the genes, however, 
developing a more robust reverse genetics strategy to knock out all DUF538 genes would 
perhaps, be the preferred approach to study the functional relevance of the genes during rice 




































General Discussion and Future Perspectives 
 
 
The overall findings of this study support the hypothesis that there are common mechanisms of 
accommodation for both mutualistic and detrimental fungi in rice roots. While the first set of 
findings describe a novel shared role of plasma membrane receptor kinases during rice root 
colonisation by both R. irregularis and M. oryzae (Chapter 2), the transcriptome comparison in 
Chapter 3 led to the identification of new plant gene candidates that may be required for 
intracellular accommodation of both fungi in rice roots.  
 
As is already known, rice roots engage in symbiosis with ancient symbiotic fungi such as R. 
irregularis, whilst resisting invasion of the detrimental fungus M. oryzae, which causes rice 
blast disease via leaf infection. Rice roots also associate with M. oryzae, where the pathogen 
utilises simple non-melanised hyphopodia to invade the roots (Sesma and Osbourn, 2004) as 
opposed to the mechanical force it uses to penetrate the leaf following melanised appressoria 
formation (Ryder and Talbot, 2015). It is quite fascinating how M. oryzae behaves during root 
colonisation, which in many aspects, resembles R. irregularis rice root colonisation. For 
example, the pathogen exhibits an extended biotrophic lifestyle in the root, where it does not 
seem to cause any loss of host cell viability (Marcel et al., 2010), perhaps until it migrates to 
the aerial parts of the plant (Sesma and Osbourn, 2014). In the leaf, it quickly switches to 
necrotrophy when the secondary invasive fungal hyphae invade new cells, causing necrotic 
disease lesions (Wilson and Talbot, 2009; Fisher et al., 2012). This difference in behaviour 
raises the question of whether M. oryzae adopts an endophytic lifestyle during rice root 
colonisation, possibly as a disguise to bypass the plant defence machinery whilst entering the 
host.  
 
Understanding common plant genes and developmental programmes that support the 
accommodation of M. oryzae in rice roots is important, especially since the pathogen, in some 
ways, mimics R. irregularis colonisation in the root, although with no evidence of benefits to 
the plant. Nonetheless, it is possible that M. oryzae utilises a gene set that enables intracellular 
accommodation of R. irregularis in rice roots during AM symbiosis to advance its entry into 





    
     
 
Figure 4.1: Confocal images showing the invasive hypha and arbuscule of M. oryzae and R. 
irregularis during rice root colonisation, respectively. R. irregularis forms arbuscules in inner 
cortical cells, whereas an M. oryzae invasive hypha grows intracellularly across all rice root types 
Arbuscules are surrounded by a plant-derived peri-arbuscular membrane (PAM), which is the site for 
nutrient exchange in the symbiosis, whilst M. oryzae is enveloped in a plant-derived extra-invasive 
hyphal membrane (EIHM), which is attributed to its prolonged biotrophic lifestyle in rice roots. 
OsExo70-H3b and OsDUF538 may be involved in the biogenesis of the PAM and EIHM, which are 
crucial for intracellular accommodation of the fungi in rice roots. Scale bar = 50µm. Micrograph 












4.1. Plasma membrane receptors are involved in recognition and signalling during rice 
root invasion by R. irregularis and M. oryzae  
 
In this study, plants carrying a mutation in OsCERK1 displayed a mycorrhizal phenotype, with 
clusters of hyphopodia seen on the rice root surface, as well as significantly reduced levels of 
colonisation compared to the WT at early (3 wpi) colonisation (Chapter 2). Fungal colonisation 
of rice roots progressed normally at the later time point, with no qualitative differences in the 
infection structures observed at both time points. These results indicate a delay in the onset of 
mycorrhization in cerk1 mutants compared to the wild-type and suggest that OsCERK1 is 
required for early AM symbiotic signalling as previously proposed (Miyata et al., 2014; Zhang 
et al., 2014).  
 
The mycorrhiza phenotype seen in cebip mutants (which presented with clusters of hyphopodia 
on rice root surface and significantly low mycorrhization levels, especially during early 
colonisation relative to the WT) was unexpected. The striking similarity between the 
phenotypes seen in AM colonised cerk1 and cebip mutants could suggest that OsCERK1 and 
OsCEBiP function together to perceive and elicit symbiotic signals in AM symbiosis. This 
concept has been demonstrated in plant immunity signalling, where OsCERK1 and OsCEBiP 
form a receptor complex to perceive long-chain chitooligosaccharides (CO8) and activate 
defence responses in rice (Shimizu et al., 2010). In this scenario, OsCEBiP directly binds chitin 
oligosaccharides but is unable to elicit chitin signals due to the absence of an intracellular kinase 
domain (Shimizu et al., 2010). It therefore partners with OsCERK1, which does not bind chitin 
oligosaccharides, but can transduce signals via its intracellular kinase domain (Shinya et al., 
2015; Liu et al., 2016).  
 
In AM symbiosis OsCERK1 interacts with an unknown receptor kinase or protein to perceive 
mycorrhizal CO or LCO, and subsequently activates symbiotic signalling. However, in search 
of a possible interactor, both OsCEBiP and OsNFR5 were ruled out because oscebip and osnfr5 
mutants established symbiosis normally (Miyata et al., 2016). The failure to observe a 
phenotype in cebip mutants in the previous study is a stark contrast to our experimental 
findings, which suggest a role for OsCEBiP in AM symbiosis. A possible explanation for the 
discrepancy may be the experimental conditions used in the different studies, especially since 
both studies used the same mutant genotype (homologous recombination knockout mutants). 
Notably, our mycorrhizal experiments with cebip mutants was performed in a Petri dish system, 
which is considered a closed system, in that it retains more solution/water compared to the cone 
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system that is more efficient in water drainage. Although it is difficult to estimate the 
contribution this has to the observed mycorrhiza phenotypes in cebip because the experiments 
were performed in parallel with cerk1 mutants and WT rice plants, more experiments will help 
to rule out possible artefactual effects.   
 
Furthermore, this study identified a novel function of OsCERK1, OsCEBiP and OsNFR5 during 
rice root invasion by M. oryzae. Rice plants with a mutation in each of the three LysM-
RLKs/RLP displayed interesting phenotypes during M. oryzae rice root invasion at early (4 
dpi) and late (7 dpi) colonisation stages (Chapter 2). In all mutants, fungal colonisation was 
significantly reduced (P < 0.01) compared to the WT at both time points, and except for 
colonised cebip roots, qualitative differences in fungal infection structures were seen in both 
cerk1 and nfr5 mutant roots at both time points. A striking phenotype was seen in cerk1 mutant 
roots, where 31% of M. oryzae invasive fungal hyphae appeared dead and trapped inside rice 
root cells compared to the wild-type and nfr5 and cebip mutants (5 %). In nfr5 mutants, M. 
oryzae invasive hyphae appeared bulbous, ring-shaped and restricted inside rice root cells, with 
hyphal swellings in places where the fungus crossed cell wall junctions. These phenotypes 
suggest that all LysM-RLKs/RLP studied here act as compatibility factors during rice root 
invasion by the biotrophic pathogen M. oryzae, although the differences in the mutant 
phenotypes imply that they serve slightly different functions. For example, the hyphal death 
during intracellular growth of M. oryzae in cerk1 mutants suggests that CERK1 is required for 
the sustenance of hyphal viability, which supports an endophytic lifestyle of M. oryzae during 
intracellular growth in rice roots. Alternatively, the fungal hyphal death may be a programmed 
cell death triggered by the host defence machinery to reduce or prevent disease symptoms, in 
the case where M. oryzae is perceived as a necrotrophic pathogen during intracellular growth 
in the root. This has been shown in Arabidopsis, where the host cells induced cell death in the 
necrotrophic fungus Botrytis cinerea by producing a phytolexin called camalexin (Shlezinger 
et al., 2011). The fungal anti-apoptotic machinery can protect the fungus from the host-induced 
programmed cell death, but it is unclear whether this example applies to other plant-parasitic 
microbe interactions.  
 
Importantly, the predicted function of the plasma membrane receptors during M. oryzae rice 
root colonisation as shown in this study is surprising, especially since OsCERK1 and OsCEBiP 
play an opposite role during rice leaf infection with M. oryzae, where they activate immunity 
signalling to protect the plant, rather than enable infection. It also raises questions about how 
the plant perceives M. oryzae during root entry and whether the biotrophic pathogen releases 
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different types of signals depending on the plant organ they invade. With respect to this, studies 
have shown that the varying degree of polymerization (dp) of chitooligosaccharides (CO) 
released from microbial cell walls can determine the type of responses the microbes elicit. For 
example, in its unmodified form, COs (dp = 6-8) are strong inducers of plant immunity (Stacey 
and Shibuya, 1997; Kouzai et al., 2014; Liang et al., 2014), whereas the short chain COs (dp = 
4-5) can trigger symbiotic signalling (Genre et al., 2013). When acetylated (lipo-
chitooligosaccharides or LCOs) or further modified, COs can act as Nod factors to initiate 
legume-rhizobia symbiosis or as Myc-factors to initiate AM symbiosis (Liang et al., 2014). 
Undecorated chitin tetrasaccharide (CO4) and pentasaccharide (CO5) in germinating spore 
exudates (GSEs) of AM fungi are also found to elicit nuclear Ca2+ spiking. Ca2+ spiking can 
also be triggered by long-chain chitin oligosaccharides (> heptamers), which trigger immune 
responses, but to a lesser degree (Kaku et al., 2006; Genre et al., 2013).  
 
Considering the influence of CO types in symbiotic and defence responses, one may speculate 
that M. oryzae releases a mixture of different types of microbial signals from its cell wall. These 
signals may vary in their chemical composition and abundance, and may cause the host cell to 
respond differently, depending on whether the signal is from leaf or root tissue. One possibility 
is that during rice root infection, M. oryzae secretes both short chain COs and LCOs similar to 
AM fungi (Akcapinar et al., 2015), and this may trigger ‘endophyte-like’ signals, thus 
permitting fungal invasion and intracellular accommodation. Unmodified long-chain COs (e.g. 
CO8) have been shown to induce immunity signalling during M. oryzae rice leaf infection 
(Akiyama and Hayashi, 2006). If this were the case in the root, then OsCERK1 could act as a 
common receptor to recognise and transduce the signal, possibly in partnership with OsCEBiP 
or other plasma membrane receptors. It is also probable that OsCEBiP may bind to chitin 
oligosaccharides released by M. oryzae, and through a receptor complex formation with 
OsCERK1 or another interactor with an active kinase domain, elicit signals that allow invasion 
of M. oryzae in the root. In the same way, OsNFR5 may bind ‘Myc-LCO-like’ signals from M. 
oryzae, and in collaboration with another receptor with an active intracellular kinase domain, 
activate signalling responses that enable M. oryzae to intracellularly colonise rice roots. It may 
be important to note that the interaction between OsNFR5 and OsCERK1 is highly unlikely 
because protein-protein interaction studies failed to observe the heterodimerization between 
both LysM-RLKs, although this was tested in Nicotiana benthamiana leaves (Miyata et al., 
2016). However, OsNFR5 can cooperate with another receptor partner such as OsRLK1, 
OsRLK4, OsRLK5 or OsRLK7, which are expressed in roots (Shimizu et al., 2010; Miyata et 
al., 2016) to permit M. oryzae invasion of rice roots. Protein-protein interaction studies in 
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homologous systems will help to identify the interactors of OsNFR5 during M. oryzae rice root 
colonisation.  
 
Another novel finding made in this study is that OsNFR5 acts as a compatibility factor for M. 
oryzae rice leaf infection rather than a defence receptor as described for OsCERK1. This is a 
particularly interesting finding because it suggests that OsNFR5 serves as a common receptor 
for perceiving a specific signal from M. oryzae, regardless of the plant organ the pathogen 
invades. This hypothesis is supported by our finding that OsNFR5 is required for the 
intracellular colonisation of M. oryzae in rice roots, but not for rice root colonisation by the 
symbiont R. irregularis (Miyata et al., 2016). However, it highlights the varying function of 
OsNFR5 in microbial signal perception, which has been shown in previous studies. For 
example, MtNFP (OsNFR5 homologue) was found to be involved in Myc-LCO-induced lateral 
root formation, changes in transcription and nuclear Ca2+ oscillations (Maillet et al., 2011; 
Czaja et al., 2012; Sun et al., 2015), but not for mycorrhization (Radutoiu et al., 2003; Amor et 
al., 2003; Zhang et al., 2015) or Myc-CO-induced nuclear calcium oscillations (Genre et al., 
2013; Sun et al., 2015). However, an NFP orthologue in Parasponia andersonii, the only non-
leguminous plant that can establish rhizobial symbiosis, was also found to play a role in both 
rhizobial and AM symbioses (Op den Camp et al., 2011). Both NFP and NFR5 orthologues in 
tomato (SLK10) were associated with successful arbuscular mycorrhizal colonisation (Buendia 
et al., 2016), but not OsNFR5 (Miyata et al., 2016), and MtNFP was shown to play a role in the 
perception of pathogenic signals leading to immunity against oomycete pathogens in M. 
truncatula (Rey et al., 2013). These opposing findings, in addition to ours, again support the 
notion that M. oryzae probably releases signals varying in structure, chemical composition and 
abundance, which may influence the host cell to respond differently, depending on whether the 
signal is from leaf or root tissue. 
 
Overall, the interconnectivity of the downstream signalling responses of LysM-RLKs and RLP 
may involve an evolutionarily conserved process, especially since rhizobial symbiosis with 
leguminous plants was established on the basis of AM symbiosis (Parniske 2008). Consistent 
with this is the finding that the kinase domain of CERK1 homologues from non-leguminous 
AM symbiosis-participating plants were able to trigger the nodulation programme in L. 
japonicus (Miyata et al., 2014). The substantial similarity in the amino acid sequences of 
AtCERK1/OsCERK1/LjNFR1/MtLYK3 (Zhu et al., 2006; Zhang et al., 2007), and the fact that 
CERK1 also triggers both symbiotic and defence responses also support the view of a possible 
evolutionary relationship (Nakagawa et al., 2011). Interestingly, the findings that OsCERK1 
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and OsCEBiP are co-required for symbiotic and defence responses, as well as for M. oryzae 
rice root invasion provide strong support for a close evolutionary relationship between these 
different biological responses.  
 
A concluding line of thought to explain the varying roles of plasma membrane receptors during 
M. oryzae invasion of rice roots is that M. oryzae may in fact adopt an endophytic lifestyle in 
the root. This may explain the related strategies the plant uses to allow accommodation of the 
fungus in its root via plasma membrane receptors, which often serve as ‘gatekeepers’ to decide 
which microbe to allow or restrict entry. For example, OsCERK1 and OsCEBiP act together to 
launch a defence response against M. oryzae infection in the leaf but allow its entry in the root. 
By contrast, OsNFR5 allows entry of the pathogen through the leaf, but also through the root. 
This is consistent with a recent finding that demonstrated the role of two Lotus japonicus LysM 
genes, Lys13 and Lys14 in positively regulating the intracellular colonisation of the endophytic 
fungus Fusarium solani strain K (FsK). The study suggests that the LysM genes may act as 
entry receptors for successful passage of FsK through the rhizodermis in the legume root 
(Skiada et al., 2019), a role that may be related to that of OsNFR5 in the interaction with M. 
oryzae.  
 
Suggestions for the future would be to experimentally identify the types of chitin 
oligosaccharide signals produced by M. oryzae and whether this determines how the host plant 
perceives and allows intracellular accommodation of the fungus in its roots. Another interesting 
experiment may be to determine whether the nutrient status of the plant influences the plant’s 
response to allow entry of biotrophic pathogens, alongside mutualistic ones via the root. This 
is particularly important because in vitro cultures of M. oryzae and rice seedlings are performed 
under nutrient starvation (up to 21 days), and it may be that under this condition the plant allows 
invasion of all types of microbes, whether mutualistic or pathogenic in search of nutrients. 
Other experiments including reactive oxygen species (ROS) and phosphorylation assays will 
help to elucidate the M. oryzae hyphal death responses observed in cerk1 mutant rice roots, as 
well as RNA sequencing experiments to monitor the differential regulation of genes in O. sativa 
LysM-RLK/RLP mutants (cerk1, cebip and nfr5) relative to the WT. This could potentially 
lead to the identification of novel genes involved in downstream processes leading to the 













Figure 4.2: Working model for the functional role of LysM-RLKs/RLP during R. irregularis and 
M. oryzae colonisation of rice root cells. The plasma membrane receptors form complexes with known 
and unknown receptor partners to perceive and transduce signals leading to symbiosis and/or defence 
responses in the host plant. Here, OsCERK1 interacts with OsCEBiP to elicit both symbiotic and 
immunity signals, as well as signals leading to intracellular accommodation of M. oryzae in rice root 
cells. Although the function of OsLecRLK (Os07g38800), OsExo70-H3b and OsDUF538 are not yet 
known, we speculate that LecRLK probably interacts with another RLK to induce symbiotic and/or 
defence responses, whereas the other two genes are involved in downstream processes leading to the 

















Figure 4.3: Working model for the functional role of LysM-RLKs/RLP during M. oryzae rice leaf 
infection. OsCERK1 and OsCEBiP form hetero-complexes to activate immunity signalling (Kouzai et 
al., 2014), whereas OsNFR5 cooperates with an unknown receptor partner to perceive signals enabling 




4.2. Overlaps in the transcriptional responses to R. irregularis and M. oryzae rice root 
colonisation 
Some studies have shown that microbial pathogens can exploit plant programmes or genes 
controlling beneficial plant-microbe interactions such as AM symbiosis to facilitate their 
invasion of the host root. A recent example was a reduction in the reproductive success of the 
downy mildew pathogen Hyaloperonospora arabidopsidis (Hpa) due to mutations in three A. 
thaliana-related common symbiosis genes (Symbiosis Receptor-like Kinase, SYMRK; 
nuclear-envelope localised cation channel, POLLUX, and the nucleoporin NUP107-160 
complex), which are essential for symbiotic signal transduction and arbuscular mycorrhiza 
development (Reid et al., 2019). Similarly, the perturbation of M. truncatula RAM2 gene, which 
is required for normal AM fungal infection within the root cortex failed to elicit appressoria 
formation by Phytophthora palmivora at the root surface, suggesting that RAM2 it is required 
for root invasion by the oomycete pathogen (Wang et al., 201). A shared role of the GRAS 









well as for OsCERK1 in AM symbiosis and immunity signalling during M. oryzae rice leaf 
infection (Kouzai et al., 2014) has also been found.  
 
In this study, a set of genes commonly regulated in response to infection by both R. irregularis 
and M. oryzae were identified. The genes include an OsExo70-H3b (Os11g01050), OsLecRLK 
(Os07g38800) and OsDUF538 genes encoding proteins with a ‘domain of unknown function’. 
None of these genes have been studied in the context of symbiosis or rice root invasion by a 
parasitic fungus. However, considering the significant co-induction of these gene candidates in 
rice roots colonised by both R. irregularis and M. oryzae (Chapter 3), we speculate that the 
genes may be involved in processes required to accommodate both fungi in rice root cells. Two 
duf538 CRISPR-Cas9 mutant lines exhibited reduced mycorrhizal colonisation but did not 
result in any phenotype in M. oryzae colonised rice roots, although more quantitative and 
qualitative experiments are required to determine whether this gene has any biological function 
during rice root interactions with both mutualistic and detrimental fungi. Phylogenetic analysis 
revealed that all three candidate genes are members of superfamily of genes.  
 
Although the functional role of OsExo70-H3b (11g01050) during rice root colonisation by the 
symbiont R. irregularis and pathogen M. oryzae was not fully evaluated in this study, I postulate 
that the gene may be involved in the biogenesis of the perifungal membranes (peri-arbuscular 
membrane, PAM and extra-invasive hyphal membrane, EIHM) of both fungi. Related work 
demonstrated by previous studies implicate Exo70 exocyst complexes in symbiosis (Zhang et 
al., 2015), and more specifically, in root hair tip growth and development of the perifungal 
membrane (Genre et al., 2012). Both plant-derived membranes (PAM and EIHM) envelope the 
fungi as they grow and proliferate inside rice roots. The PAM surrounds the arbuscules and is 
produced as an extension of the host plasmalemma (Parniske 2008; Pumplin and Harrison, 
2009; Genre and Bonfante, 2010). TEM (Transmission Electron Microscopy) and in vivo GFP 
imaging revealed that pre-penetration responses and construction of the PAM are associated 
with extensive membrane dynamics involving the main components of the exocytic machinery 
as well as the Golgi apparatus (Genre et al., 2012).  
 
Pre-penetration responses apply to all root cells that undergo AM colonisation, and 
experimental evidence indicate that all elements of the secretory pathway accumulate inside 
the PPA at the point of cell entry by AM fungus (Genre et al., 2012). The route of intracellular 
fungal growth is marked by an extension of the ER cisternae and concentration of the Golgi 
apparatus activity. More importantly, three v-SNARE (soluble-N-ethylmaleimide-sensitive 
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factor attachment protein receptor) proteins of the vesicle-associated membrane protein 72 
(VAMP72) family and a member of the exocyst concentrate in the PPA cytoplasm, showing 
that it is the site of intense exocytosis (Genre et al., 2012). Consistent with this finding, Zhang 
et al. (2015) showed the involvement of a M. truncatula Exo70I in the development of the fine 
branch domain of the arbuscule. Mutants of MtExo70I developed normal trunk domain but had 
reduced arbuscule branching and aberrant hyphal branches. Consequentially, the mutants 
experienced premature formation of septa, arbuscule collapse and significantly smaller 
arbuscules than the wild-type (Zhang et al., 2015). Since Exo70 exocysts play a key role in 
tethering post-Golgi vesicles prior to exocytic fusion (He and Guo, 2009), MtExo70I was 
predicted to play a major role in the biogenesis of the PAM (Zhang et al., 2015). In this role, it 
is possible that MtExo70I as well as OsExo70-H3b are required for secretion of a signal into 
the peri-arbuscular apoplast or specific placement of a receptor in the PAM as suggested by 
Zhang et al. (2015). This has been shown in Arabidopsis, where an Exo70B1 regulates PAMP 
signalling possibly by recycling signalling protein (Stegmann et al., 2012). MtExo70I was 
found to interact with Vapyrin, a protein of unknown function required for arbuscule 
development, perhaps to recruit or maintain Exo70I in a specific position near the PAM at the 
hyphal tips (Zhang et al., 2015). Although MtExo70I homologue in rice (OsExo70I) is not 
induced in rice roots by R. irregularis or M. oryzae, it is possible that OsExo70-H3b functions 
similarly to MtExo70I during PAM development. Further analysis will help to confirm this.   
 
With regards to plant responses to pathogens, two Arabidopsis Exo70 exocysts (Exo70H1 and 
Exo70B2) were associated in defence responses against the fungal pathogen Blumeria graminis 
f. sp. hordei (Pečenková et al., 2011; Stegmann et al., 2012). Mutants of AtExo70B2 showed a 
defect in vesicle tethering or fusion but fungal penetration efficiency was not affected 
(Pečenková et al., 2011). By contrast, enhanced penetration of the same pathogen occurred 
when it infected its host, barley, which had a transiently silenced Exo70F1 (Ostertag et al., 
2013), suggesting the role of Exo70s in plant immunity. Although this strategy may not 
necessarily apply to M. oryzae during rice root infection because the fungus does not seem to 
exhibit a pathogenic lifestyle, it is possible that Exo70 exocysts, including our OsExo70-H3b 
may serve as a hub for endomembrane trafficking, secreting proteins to positions of hyphal tip 
growth as postulated by Zarsky et al. (2013). This is obvious during rice leaf infection, where 
M. oryzae secretes fungal effector proteins into the host cytoplasm or the extracellular 
compartments such as the apoplast (Giraldo et al., 2013). Apoplastic effectors are generally 
dispersed and retained within the EIHM compartment, which is linked with filamentous fungal 
apical hyphal tip growth involving the Spitzenkörper, the organizing centre where growing 
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fungal hyphal tips are fed with vesicles (Giraldo et al., 2013). Vesicle transport to the growing 
hyphal tips is aided by an exocyst complex via a process known as exocytosis. Although it is 
not clear whether M. oryzae secretes cytoplasmic or apoplastic effectors during rice root 
infection, the fact that the fungus is enveloped by the EIHM throughout intracellular growth in 
the root (Marcel et al., 2010), indicates that the Exo70 exocyst complex may have a function in 
the biogenesis of this important membrane. Further studies, including the generation and 
characterization of CRISPR-Cas9 mutant lines, will unfold the exact biological role of 
OsExo70-H3b during intracellular accommodation of M. oryzae in rice roots.   
 
In addition to OsExo70-H3b, this study identified a new putative L-type (Legume-type) lectin 
receptor-like kinase (07g38800) that is co-induced during R. irregularis and M. oryzae 
colonisation of rice roots (Chapter 3). Based on the level of induction in the gene transcript in 
inoculated rice roots, I speculate that the OsLecRLK (Os07g38800) gene may be involved in 
the accommodation of both beneficial and detrimental fungi within rice root cells. As a putative 
cell-surface receptor kinase, OsLecRLK is likely to be involved in the recognition and 
transduction of extracellular signals. This is consistent with the finding that the intracellular 
kinase domains of LecRLKs constitute receptor-like kinases, indicating a role in signalling 
(Bellande et al., 2017). The expression of many L-type LecRLKs change in response to various 
stimuli such as hormones, abiotic stresses and a variety of elicitors (Bellande et al., 2017), and 
strong induction and repression of such genes are particularly seen in response to pathogens, 
which suggests a role for L-type LecRLKs in defence responses (Gouhier-Darimont et al., 
2013; Bouwmeester et al., 2011; Liu et al., 2015; Wang et al., 2016). Only a few genes have 
been associated with plant development. For example, the small, glued-together (SGC) Lectin 
RLK1, which is required for proper pollen development in Arabidopsis (Wan et al., 2008) and 
a Medicago truncatula LecRLK (MtLecRK1), which is associated with an increase in nodule 
number during legume-rhizobia symbiosis (Navarro-Gochicoa et al., 2003). Future 
experiments, including the generation of CRISPR-Cas9 mutants of OsLecRLK (07g38800) will 
help to decipher the functional role of OsLecRLK (Os07g38800) during rice root colonisation 
by both R. irregularis and M. oryzae.  
 
Finally, this study identified a subset of DUF538 genes (Os07g02880, Os07g02920, 
Os07g02690, Os07g02900 and Os11g38210) that are induced during rice root colonisation by 
both R. irregularis and M. oryzae. While a significant reduction (P < 0.01) in the level of R. 
irregularis colonisation was seen in two selected duf538 CRISPR-Cas9 mutant lines, no effect 
was seen with M. oryzae, suggesting that the genes successfully edited in the selected mutant 
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lines may have been those required for the accommodation of the symbiont rather than the 
pathogen in rice roots. This is a vague speculation as knowledge of plant DUF538 gene function 
is very scarce, except for very few reports about their expression in plants under various 
stressful stimuli such as bacteria and elicitors (Gholizadeh and Kohnehrouz, 2013). The 
application of a multiplex CRISPR-Cas9 gene editing technology in this study was an 
innovative approach aimed to knockout as many as the 11 OsDUF538 genes expressed in rice 
plants to avoid compensatory effects during functional characterisation. Unfortunately, the 
mutant lines were not fully characterised to determine whether OsDUF538 genes are involved 
in AM symbiosis and the colonisation of rice roots by M. oryzae. Future studies should focus 
on a comprehensive quantitative and qualitative characterization of non-characterised 
OsDUF538 CRISPR-Cas9 lines to determine the number of genes mutated and whether a 
crossbreeding approach may result in more mutated genes for functional analysis. A preferred 
approach would be to generate a strategy to simultaneously knockout all OsDUF538 genes, 
although this remains a challenge due to the splitting of the gene family in two rice 
chromosomes (7 and 11). Understanding the functional role of these interesting subset of 
proteins of unknown function would be a novel and important contribution to the field of plant-
microbe interactions.     
 
 
4.3. Conclusions and future direction 
 
A long-standing hypothesis has been that plant pathogens exploit genetic pathways established 
in the ancient arbuscular mycorrhizal symbiosis to facilitate their invasion of the host plant. 
While very few studies support this hypothesis, many questions still arise. Interestingly, the 
work presented in this thesis provide evidence to show that plant pathogens and symbionts have 
genetic commonalities that enable their recognition, invasion and accommodation in the host 
root. First, transcriptome comparison experiments identified a new common set of genes 
(OsExo70-H3B, OsLecRLK and OsDUF538) that are associated with rice root invasion by the 
symbiont R. irregularis and the pathogen M. oryzae. Second, a novel function was found for 
three LysM receptor-like kinases (OsCERK1 and OsNFR5) and protein (OsCEBiP) during M. 
oryzae intracellular colonisation of rice roots, as well as for OsCEBiP in AM symbiosis. Third, 
an unexpected new role was found for OsNFR5 during rice leaf infection by M. oryzae, where 
the LysM-RLK acts as a compatibility factor, rather than a defence receptor. These findings 
reveal two major sets of genes and proteins that are involved in microbial signal recognition at 
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the cell surface (LysM-RLKs/RLP) and possibly for downstream processes (OsExo70-H3b and 
OsDUF538) leading to the accommodation of both symbiont and pathogen in rice roots. 
Excitingly, OsCERK1 and OsCEBiP emerged as a putative co-receptor complex commonly 
required for AM symbiosis, defence and intracellular accommodation of M. oryzae in rice roots, 
supporting the hypothesis that common mechanisms of accommodation exist for symbiotic and 
detrimental fungi in rice roots. To confirm receptor complex formation between OsCERK1 and 
OsCEBiP in AM symbiosis, protein-protein interaction studies using Yeast 2 Hybrid or other 
methods is highly recommended. Further experiments are also recommended to identify the 
receptor partner for OsNFR5 during rice root and leaf invasion by M. oryzae. Although 
previous findings showed that BiFC assays failed to observe a complex formation between 
OsCERK1 and OsNFR5 (Miyata et al., 2014), the experiment was performed in a heterologous 
system. It is possible that other types of experiment such as co-immunoprecipitation assays 
used to show the interaction between the LRR receptor-like protein kinases BAK1 and FLS2 
in Arabidopsis (Chinchilla et al., 2007) may provide answers to the receptor complex formation 
between the studied rice RLKs and RLP during AM symbiosis and M. oryzae colonisation of 
rice root and leaves. Finally, the utilisation of more mutant alleles and additional experiments 
are recommended to confirm the reproducibility of these results, which may be further explored 


























Materials and Methods 
 
5.1. Plant and Fungal Material 
Wild-type japonica rice (Oryza sativa cv Nipponbare, Dong Jin and Hwayoung), wild-type R. 
irregularis spores (generated in Paszkowski’s Lab, University of Cambridge), wild-type 
Magnaporthe oryzae Guy11 strain and ToxA-promoter-driven eGFP-transformed M. oryzae 
strains (kindly provided by Prof. N. J. Talbot’s Lab at the Sainsbury Laboratory, Norwich) were 
used in all plant and fungal experiments. oscerk1, oscebip and osnfr5 knockout mutant seeds 
were generously provided by Naoto Shibuya (Department of Life Sciences, School of 
Agriculture, Meiji University, Kawasaki, Kanagawa, Japan). The mutants were used in studies 
by Miyata et al. (2014). 
 
5.2. Plant Growth 
5.2.1. Seed Sterilization and Germination 
Following the de-husking of rice seeds with a manual grinder, seeds were sterilized for 30 
minutes in 3.5% (w/v) sodium hypochlorite on a Heidolph Polymax 1040 platform shaker 
(Schwaback, Germany). The sodium hypochlorite solution was removed, and seeds (9-12 seeds 
per genotype, depending on the experiment) were washed three times with autoclaved distilled 
water. For Rhizophagus irregularis inoculation experiments, seeds were transferred onto 0.6% 
(w/v) autoclaved water agar plates in 90 mm Petri-dishes and sealed with micropore tape. For 
Magnaporthe oryzae inoculation experiments, about 10 seeds (per plate) were transferred into 
1% (w/v) autoclaved solid Bacto-agar plates in 120 mm square Petri-dishes and sealed with 
micropore tape. Plates were incubated at 30oC for 3-4 days (depending on the germination rate) 
or until the seminal root and coleoptile were seen. Bacto-agar plates containing sterilized seeds 
for M. oryzae inoculation were incubated vertically at 30oC in the dark for 4 days to promote 
root growth. Plants were then grown vertically in a controlled environment growth chamber 
with a 16-h light/8-h dark photoperiod at 28/24oC for another 8-10 days prior to inoculation. 




5.2.2. Plant Watering and Fertilization 
Inoculated rice seedlings in sand (see 5.3.1) were watered with distilled water for two weeks 
(three times a week), after which they were fertilised with low phosphate Hoagland solution 
(Table 9), two times a week, and with water only once a week.  
 
Table 9: Low phosphate (B – 25M) Hoagland solution 
Solution  Chemical M.W.  mL in final ½ 
Hoagland (1L) 
A KNO3 101.11  
25 Ca (NO3)2.4H2O  236.15 
MgSO4.7H2O 240.48 
B KH2PO4 136.09 5 
KCl 74.56 
C Fe-Citrate - 5 
D MnSO4.H2O 169.02  
0.5 ZnSO4.7H2O 287.54 
CuSO4.5H2O 249.68 
E Na2B4O7.10H2O 381.4 0.5 
 (NH4)6Mo7O24.4H2O 1235.86 
 
5.3. Fungal Culture and Plant Inoculation Assays 
5.3.1. Rice root inoculation with Rhizophagus irregularis  
Pre-germinated rice seedlings (from 5.2.1) were carefully transferred into plastic cones/conical 
flasks (2.5 cm diameter; 12 cm depth) or Petri-dishes (30 mm) containing autoclaved-sterilized 
sand. One millilitre of R. irregularis spores (250 spores per Petri-dish or 300 spores per cone) 
contained in a suspension mixture with autoclaved distilled water was added onto the sand at a 
depth of approximately 1 cm from the rim of the cone, and more sand was added to the cone to 
137 
 
cover the roots of the seedlings. Inoculated plants were incubated or grown in a controlled 
growth chamber set at 12-h light/12-h dark cycle at 28oC-day/24oC-night cycle.  
 
5.3.2. R. irregularis Spore Extraction 
R. irregularis spores were grown on hairy carrot roots (describe in Raj et al., 2016) cultured on 
bacto-agar cultures incubated at 25oC in the dark. To harvest spores, carrot root cultures on 
solid agar medium were cut into pieces (using a sterile blade) and placed in a citrate buffer 
solution at a 3:1 ratio (Table 10). The spore-citrate buffer mixture was stirred with a magnetic 
stirrer and plate for one hour to allow the solid agar to dissolve. The dissolved solution was 
then sieved through a 500 µm mesh to first remove root pieces, before extracting the spores 
through a second sieve with a 45 µm mesh. Extracted spores were washed with sterile distilled 
water and added into a 50 ml Falcon tube using a sterile Pasteur pipette. To count the number 
of spores per ml, 10 µl of spore solution were placed on a slide or haemocytometer and counted 
under a Nikon light microscope. Rice seedlings were inoculated with 250-300 spores per plant.    
 
Table 10: Citrate Buffer Solution 
Chemical Final Concentration 
Citric acid 0.1 M 
Sodium citrate 0.1 M 
Distilled H2O 90 ml 
Adjusted to pH 6 using small volumes of citric acid or sodium citrate to a final volume of 
100 ml 
 
5.3.3. Magnaporthe oryzae Culture and Spore Production 
M. oryzae spores or conidia were produced by culturing mycelium (contained on small pieces 
of sterile filter paper) on Complete MediumTM (Talbot et al., 1993) at 26oC (16-h light/8-h dark 
cycle). Spores were harvested from 7-10-day old cultures by adding 3 millilitres of sterile 
distilled water onto the culture plates, then carefully scaping the spore-containing mycelia with 
sterile L-shaped spreaders (Fisher Scientific). Conidia suspension was filtered into sterile 
Falcon tubes using Miracloth (GLife Tech), followed by a centrifugation step for 5 minutes 
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(10,000 rpm). The supernatant was discarded, and spores rinsed with sterile water prior to 
counting under the microscope.  
 
5.3.4. Magnaporthe oryzae Rice Root Infection Assay 
To inoculate rice roots, 14-day old seedlings were placed horizontally on top of a sterile filter 
paper placed on 1% (w/v) sterile solidified bacto-agar in square Petri-dishes (120 mm). Using 
a pipette, fungal spores (~5x103 spores per root) were spread to cover the entire root length. 
Plates were then sealed with parafilm to avoid evaporation and placed in a controlled growth 
chamber (16h-light/8-h dark) for 4 to 7 days.   
 
5.3.5. Magnaporthe oryzae Rice Leaf Spray Infection Assay 
For M. oryzae rice leaf assay, two-week-old rice seedlings were uniformly sprayed with M. 
oryzae conidial suspension at a concentration of 2 x 10-5 conidia per millilitre in 0.2% Tween 
20 (v/v). The inoculated plants were placed in a chamber with 90% humidity and 24-h darkness 
and then returned to the normal plant growth conditions (12-hour light/12-hour dark 
photoperiod). After six days, the disease lesion progression was observed and calculated based 
on the protocol described in Valent et al. (1991).  This experiment was repeated two times with 
similar results.  
 
5.3.6. Magnaporthe oryzae Rice Leaf Sheath Infection Assay 
Rice leaf sheath inoculation assays were conducted by excising and inoculating leaf sheaths 
from 4-6-week-old rice seedlings with a conidial suspension of 5 × 104 conidia per millilitre in 
0.2% Tween 20 (v/v). The inoculated leaf sheaths were placed in a growth chamber at 24-26oC, 
12-h light/12-h dark photoperiod, followed by a microscopic observation at different time 
points. M. oryzae infection was scored according to the four infection (Level 0, just appressoria 
without penetration; Level 1, with penetration peg or primary IH; Level 2, with sparse 
secondary IH restricted in the first infected rice cell; Level 3, with abundant IH in the initial 
and even neighbouring rice cells) described in Nie et al. (2019). Two assays were conducted 





5.4. Phenotypic Characterization Assay 
5.4.1. Trypan blue staining for quantification of R. irregularis colonised rice roots 
Rice plants (4-6 weeks, depending on the experimental objective) planted in cones or Petri-
dishes were harvested by gently pulling out the plants from the soil. Following thorough 
washing with sterile distilled water, root samples were cut, mixed/shuffled (to avoid selecting 
specific root types), placed in 10% (w/v) potassium hydroxide (KOH) contained in 2 ml 
Eppendorf tubes, and heated for 30 minutes at 98oC. After heating, KOH was removed, and 
root pieces washed three times with sterile distilled water. This was followed by incubation of 
root pieces in 0.3M HCl (w/v) at room temperature for 15-30 minutes, after which they were 
placed in fresh Eppendorf tubes containing 1 ml of 0.1% (w/v) trypan blue solution (Table 11). 
Samples were heated for 8 minutes at 95oC and root pieces removed from trypan blue solution 
and mounted on slides (ten 1 cm-root pieces from one plant) with the addition of droplets of 
50% (w/v) acidic glycerol. Coverslips were placed on top of the mounted slides and sealed with 
nail varnish to prevent evaporation.  
 
Table 11: Trypan blue staining solution 
Solution Composition (Final Concentration) 
KOH  10% (w/v) 
HCl   0.3 M 
Trypan blue  0.1% (v/v) (in 2:1:1 mix of lactic 
acid/glycerol/distilled H2O) 
Acidic glycerol  50% v/v) (1:1 mix of glycerol/0.3M HCl) 
 
5.4.2. Wheat Germ Agglutinin (WGA) Staining 
To investigate the morphology of R. irregularis in colonised rice root, colonised plants were 
stained with WGA (Alexa FluorTM 488; Invitrogen W11261) as follows: rice roots were 
harvested, and 3-4 pieces of individual roots placed in 50% (w/v) ethanol for at least 4 hours. 
Root pieces were then removed from ethanol and placed in 20% (w/v) KOH for 2-3 days at 
room temperature. Following the removal of 20% KOH, root pieces were rinsed thoroughly 
with distilled water and incubated in 0.1M HCl (w/v) for at least one hour at room temperature. 
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The acid solution was then removed, and root pieces rinsed with distilled water first, then with 
phosphate-buffered saline (PBS). Following this step, root pieces were stained with WGA by 
placing them in Eppendorf tubes containing a final concentration of 0.2 µg/ml WGA-PBS 
solution for at least 6 hours in the dark. For long-term storage, stained root samples were 
wrapped in foil and stored at -4oC.  
 
5.5. Microscopy 
5.5.1. Microscopic quantification of R. irregularis in colonised rice roots 
To quantify the level of fungal colonisation in rice roots, mounted root pieces (5.4.1) were 
viewed under a light microscope (Nikon Labohot) at a magnification of 200x. For each 1-cm 
root length, fungal structures (e.g. extracellular hyphae, hyphopodia, intra-radical hyphae, 
arbuscules, vesicles and spores) were scored as present or absent at 10 positions or field of 
vision. Notably, all fungal structures except for extracellular hyphae and spores, were scored 
as positive colonisation. Once all 10 pieces of roots (from one plant) were scored (10 points or 
field of vision each), the total level of fungal colonisation per plant was calculated. At least 
three plant biological replicates (per genotype) were used in every experiment. Images of fungal 
colonisation were captured using the same microscope. For all experimental assays, the 
different mutants with their corresponding wild-type were tested in parallel using the same 
fungal inoculum and in vitro growth conditions to ensure that the observed phenotypes were 
comparable.  
 
5.5.2. Confocal microscopy to monitor rice root intracellular colonisation by R. irregularis 
and M. oryzae 
R. irregularis and M. oryzae colonised rice roots were monitored using a Leica TCS SP8 
confocal microscope. R. irregularis colonised rice roots were stained with Wheat Germ 
Agglutinin to enable monitoring of the morphology of internal fungal structures while the 
monitoring of GFP-expressing M. oryzae in colonised rice roots did not require any staining. 
Root pieces were stained for 5 minutes with 15 µM Propidium iodide (PI), which stains and 
outlines the plant cell wall structure. eGFP excitement and emission wavelengths were 488 nm 




5.6. Molecular Techniques 
5.6.1. Genomic DNA extraction 
Rice leaf samples (100 mg) from one-week old seedlings were collected, placed in 2 ml 
Eppendorf tubes containing 2-3 sterile glass beads and frozen in liquid nitrogen. Using a Qiagen 
Tissue Lyser II (Cat No./ID: 85300), leaf samples were lysed for 2 minutes (with brief pulses 
at 30 second intervals). To extract genomic DNA, 200 ml of sucrose-based extraction buffer 
(Table 12) was added into each 2 ml tube, followed by a brief vortex and incubation at 98oC in 
a heat block for 10 minutes. Tubes containing lysed DNA samples were centrifuged for 5 
minutes at 13,000 rpm and DNA was stored at 4oC until use.  
 
Table 12: Genomic DNA Extraction Buffer 
 M. W. Final 
TRIS-HCl, pH 8 74.54  50 mM  
EDTA, pH 8  40 mM 
   






5.6.2. Genotyping by Polymerase Chain Reaction (PCR) 
Plant materials used for fungal inoculation experiments were genotyped by PCR using a 
standard PCR reaction mixture (Table 13). PCR reactions were performed in a thermocycler 
using appropriate annealing temperatures for primers used. Available primers were used in 
combination with newly designed primers (Table 14) depending on the genotyping assay. 
Amplified PCR products were analysed by agarose gel electrophoresis, followed by product 







Table 13: Primer sequences used for genotyping 
 


















DUF538 (Os07g02880) F: TCCATCACCAACAATCTCTCA 
R: ACTGGAACAGATGCAGGAAT 
 
DUF538 (Os07g02920) F: CTCACAACCCATTTGCACAC 
R: TGGTGACCTAAGATAGTGGCTTT 
 
DUF538 (Os07g02690) F: ACATCCAATGGCATCACAAA 
R: TGCAATTGAATACAAAAAGATGG 
DUF538 (Os07g02850) F: CCAACTCGATCTCAGCATCA 
R: CCTTCTTCCCTCCCTACGAT 
 
DUF538 (Os07g02900) F: TCACCAACAATCTCTCACCAA 
R: GGACTTGCAGTCTTGCATCA 
 
DUF538 (Os07g02940) F: GCTCCAAGACTTCCATTGCT 
R: CCTTAATTAAACATGCAAAACAGTG 
 
DUF538 (Os07g02870) F: GAAGTCCATCGAGCTTCTGG 
R: AGCTTGGTCCAAAGGTACTGA 
 
DUF538 (Os07g02700) F: GCAGGAAGAAGTCCATCGAG 
R: GCGTCAAAGGTCTTGCAGAT 
 
DUF538 (Os11g38210) F: TGCTGAAATGGCAGCTAAGA 
R: ACCATAAAACATGGGGGAAA 
 
DUF538 (Os11g38220) F: CAAGCTCCAAACAAGCCATT 
R: TTCCCTCGGATGTTCAGTTC 
 
DUF538 (Os11g38240) F: CACAAGCTCCAAACAGACCA 
R: GGCTGAACATTTAGCCACCA 
 
CAS9 (self-generated) F: CGATCAGCTTGTCGGAGTTG 
R: GACGTGGACCATATTGTGCC 
F = Forward; R = Reverse 
Note: All DUF538 primers were self-generated. 
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Table 14: PCR reaction mixes and solutions 
Reagent Final Concentration 
H2O   
Betaine  5 M 
Go Taq green buffer  5X 
template  75 ng/µl 
dNTP  2.5 mM 
MgCl2 50 mM 
F primer  10 µM 
R primer  10 µM 




Total 20  
 
 
Table 15: PCR reaction programme 
 Initial 
Denaturation 





96 96 Specific 
Primer 
72 72 16 
Time 2 m 30 s 30 s 60 s 10 m  
 35 cycles  
 
5.6.3. RNA Extraction  
Rice tissue material (300 mg) harvested for gene expression analysis was immediately placed 
in 2 ml Eppendorf tubes containing 2-3 steel beads and frozen in liquid nitrogen. Frozen tissue 
was ground in a Qiagen tissue lyser (set at a frequency of 27 seconds) for 2-4 minutes. RNA 
extraction was then performed using a standard Trizol protocol (Table 16). Following treatment 
with LiCl buffer (4 M LiCl, 20 mM tris-HCl pH7.5, 10 mM EDTA) and incubation at 20oC for 
one hour, precipitated single stranded RNA samples were centrifuged at 13,000 rpm for 20 
minutes followed by a washing step with 75% (w/v) ethanol. RNA pellets were airdried, 
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resuspended in 20 µl of RNase-free water and quantified using a nanodrop reader. To check the 
integrity of the RNA, samples were run on agarose (2.5%, w/v) gel electrophoresis and imaged 
using a DNA gel documentation system. Intact RNA samples produced clear 28S and 18S 
ribosomal RNA bands. 
 
Table 16: Trizol Solution 
Reagent Concentration in 
Trizol 
Guanidium Thiocyanate 0.8 M 
Ammonium Thiocyanate  0.4 M  
Sodium Acetate (pH 5)  0.1 M  
Glycerol 5% (v/v) 
Phenol (pH 5) 38% (v/v)  
 
5.6.4. cDNA Synthesis 
Following RNA quality check, RNA samples were treated with DNase 1 (Sigma-Aldrich) at 
25oC for 20 minutes to remove genomic DNA contamination. A ‘RT’ PCR reaction with O. 
sativa cyclophilin DNA primers was run on RNA to ensure that no genomic DNA 
contamination was present. Following this confirmatory test, cDNA was made using the First 
Strand cDNA synthesis with SuperScript II Reverse Transcriptase (Invitrogen) following the 
manufacturer’s guide. To estimate the amount of cDNA made, another PCR reaction (using 
OsGAPDH primers) was run.  
 
5.6.5. Gene Expression Analysis by Quantitative Real-Time Polymerase Chain Reaction 
Gene expression analysis was performed using cDNA (5.6.4.) and specific primers (Table 17) 
for each experiment. For each qPCR reaction, three O. sativa housekeeping genes (Cyclophilin, 
GAPDH and Ubiquitin) were run and their Ct values used to normalize the Ct expression values 




Table 17: Primer sequences used for qPCR 
Primer Name Primer Sequence 
 
OsCERK1 F: TGGAATCGTGTACATCCCCG 
R: AGCTCCCTTCCCTGGTGATT 
 
OsCEBiP F: GTTGGAGACTACTGCAACTCT 
R: GTACAAGTGCCACTCATCCTCT 
 
OsNFR5 F: ACGCGTTCGAGAGGCTATG 
R: TATCTAGCTGCCACCTCGTTC 
 
MoACT F: CAGATGTGGATCTCGAAGCA 
R: GCCCAACATCTCGGTTTATC 
 
MoTUB F: CTGCCATCTTCCGTGGAAAGG 
R: GACGAAGTACGACGAGTTCTTG 
 
Mo40s8 F: GCTCACTACCGCCAGAAGC 
R: ACGGACGGTGTGAATGCG 
 
RiEF F: GCTATTTTGATCATTGCCGCC 
R: TCATTAAAACGTTCTTCCGACC 
 
OsUbiquitin F: CATGGAGCTGCTGCTGTTCTAG 
R: CAGACAACCATAGCTCCATTGG 
 
OsGAPDH F: CTGATGATATGGACCTGAGTCTACTTTT 
R: CAACTGCACTGGACGGCTTA 
 
OsCyclophilin F: GTGGTGTTAGTCTTTTTATGAGTTCGT 
R: ACCAAACCATGGGCGATCT 
 
OsAM1 F: ACCTCGCCAAAATATATGTATGCTATT 
R: TTTGCTTGCCACACGTTTTAA 
 
OsAM3 F: CTGTTGTTACATCTACGAATAAGGAGAAG 
R: CAACTCTGGCCGGCAAGT 
 
OsPT11 F: GAGAAGTTCCCTGCTTCAAGCA 
R: CATATCCCAGATGAGCGTATCATG 
 
OsAM14 F: CCAACACCGTTGCAAGTACAATAC 
R: GCACTTTGAAATTGGACTGTAAGAAA 
 
DUF538 (Os07g02880) F: GAGGTCTACATCACCGATGC 
R: CAGATTTGCACCATCTCTAGCTT 
 





DUF538 (Os07g02690) F: AGGTCTACCTCGCCGATGC 
R: TGAGTCTTGTCATCATTTCTTACTCC 
 
DUF538 (Os07g02850) F: CACCTTCAAGACGGGAACC 
R: AAGCTTGCATGTCTCGACTTT 
 
DUF538 (Os07g02900) F: CTCGCCGGAGAAGGTCAC 
 R: TTAAGATTAAGGACTTGCAGTCTTGC 
 
DUF538 (Os07g02940) F: GACTGGAACTGGGCTCTCTG 
 R: GCAATACAGAGATACAACAGTACATGG 
 
DUF538 (Os07g02870) F: CGAGCCGCCAATTTCATT 
 R: GAAATCCTCGGCAACTGACT 
 
DUF538 (Os07g02700) F: GTCGCCGGAGAAGGTGAC 
 R: TTCCATCCTTCTTTGACACG 
 
DUF538 (Os11g38210) F: GATGAGTCTTCTGCTGGGAAG 
 R: ACCATAAAACATGGGGGAAA 
 
DUF538 (Os11g38220) F: TGTTGAGGAGTCATCTGCTG 
 R: TTCCCTCGGATGTTCAGTTC 
 
DUF538 (Os11g38240) F: AGGAGTCATCTGCTGGGAAG 
 R: TGAAAAGAAAGCCCAAGTGAG 
 
 
Table 18: qPCR master mix 
Reagent Final Concentration 
H2O   
GoTaq colourless buffer 5X 
dNTP  10 mM 
MgCl2  25 nM 
Primer mix (F+R)  3 µM 
SYBR green (made in house) 10X 
GoTaq Flexi 5 U/μl 




Table 19: qPCR reaction programme 
 Initial 
Denaturation 




96 96 59 72 95 
Time 10 m 30 s 60 s 30 s 1 m 
  40 cycles  
 
 
5.6.6. Generation of CRISPR-Cas9 constructs 
To generate constructs for the multiplex CRISPR-Cas9 approach to edit the DUF538 genes, the 
pENTRY vector (Figure 3.18A) was digested with the restriction enzyme (Bsa1) for two hours 
at 37oC and the products run on an 0.7% (w/v) agarose gel. Digested plasmid DNA was purified 
using a gel extraction and purification kit (NuceloSpinR Plasmid DNA, RNA and Protein 
Purification Kit, Machery-Nagel, Catalog# 740588.250), after which a ligation reaction using 
T4 ligase was performed to ligate the single guide (sg) RNA (GAC CGT CTC CTA TGC CAA 
CG) to the pENTRY vector. Ligated plasmid vector was transformed in competent E. coli 
(DH5α/Top 10) cells for one hour at 37oC, followed by plating on Luria-Bertani (LB) agar 
containing 50 ml/ml kanamycin (Table 20) and incubation at 37oC overnight. Following the 
overnight incubation, two colonies were selected and further grown in suspension culture 
overnight at 37oC before a mini-prep was performed. Purified pENTRY vector containing the 
sgRNA was then introduced into a pDESTINATION vector (Figure 3.18B) through an LR 
reaction following the instruction manual (Gateway LR ClonaseTM II, Invitrogen 11791-020). 
This was followed by transformation in competent E. coli (DH5α/Top 10) cells and an 
overnight incubation at 37oC. A colony PCR was then performed using the sgRNA-F primer 
and the pZmUbi-R (Zea mays ubiquitin promoter primer) primers (Table 21) to confirm 
successful constructs prior to rice transformation. Notably, the single guide RNA sequence was 







Table 20: Media and antibiotics for bacteria culture/selection 
Media Composition Quantity 
LB selection medium (100 
ML) 
Tryptone 1 g 
Yeast extract 0.5 g 
NaCl 0.5 g 
d.i. H2O 100 ml 
Stock antibiotic  (1000X) 100 µl 
LB blue/white selection 
plates 
(100 ml) 
selection medium 100 ml 
Agarose  1 g 
X-gal (20 mg/ml) 100 µl 
IPTG (100 mM) 100 µl 
Stock spectinomycin 
(1000X) 
Spectinomycin  50 mg 
d.i. H2O 1 ml 
Stock kanamycin (1000X) Kanamycin 50 mg 
d.i H20 1 ml 
d.i. water = Distilled water 
 
 
Table 21: CRISPR-Cas9 sgRNA Primers 
Primer Name Primer Sequence (Forward) Primer Sequence 
(Reverse) 
sgRNA15-F GACCGTCTCCTATGCCAACG  
sgRNA15-R CGTTGGCATAGGAGACGGTC  







5.6.7. Genotyping by Sequencing 
CRISPR-Cas9 mutant plants were genotyped by Sanger sequencing to detect the presence or 
absence of mutations. First, genomic DNA was extracted from the plants (Table 12) followed 
by PCR using gene-specific primers (Table 13). Amplified DNA samples were sequenced using 
the Sanger sequencing technology (Source Biosciences, Cambridge) and sequencing results 
analysed using free online software (Ape and Serial Cloner).   
 
5.7. Statistical analysis 
Two-way ANOVA followed by Tukey’s post-hoc test was used in gene expression analysis 
data. Student’s t-test was used in all pairwise comparisons. One-way ANOVA was used in 
comparisons between 3 or more independent (unrelated) groups (i.e. average number of lesion 
quantification). Statistical analyses used are indicated in detail in the corresponding 
Figures/Figure legends. 
 
5.8. Computational analysis  
Phylogenetic analysis was performed using the Molecular Evolutionary Genetic Analysis 
(MEGA) software. Protein sequences were identified from the rice genome annotation database 
(http://rice.plantbiology.msu.edu/) and sequence alignment performed using the ClustalW 
sequence alignment tool available on the MEGA software. To avoid bias, regions with 
extensive alignment gaps or predicted unreliability were removed. Model selection was 
performed to select the best substitution model (e.g. the Jones-Taylor-Thornton, JTT model 
plus Gamma distributed rate) for constructing the trees. Phylogenetic trees were built using the 
Maximum Likelihood statistical method with a bootstrap method of 1000 replications. Trees 
were viewed using the FigTree phylogenetic tree viewer software.  
 
For selection of gene candidates after transcriptome comparison in Chapter 3, two independent 
transcriptomics studies (Gutjahr et al., 2015 and Marcel et al., 2010) were compared.  Gutjahr’s 
data identified a total of 1,179 transcripts accumulated differentially in the CR, crown roots and 
LLR, large lateral roots at 7 weeks post inoculation (wpi) with and without (mock-inoculated) R. 
irregularis, whilst Marcel’s data revealed 2,000 genes that are differentially expressed in all root 
types infected and non-infected (mock inoculated) with M. oryzae at 6 days post inoculation (dpi). 
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By overlaying these two data sets using MS-Excel software, a common set of 498 genes that are 
differentially expressed in both R. irregularis and M. oryzae rice root interactions were identified 
(Figure 3.1). Overlaying of cells was done using the ‘conditional formatting’ tool bar in MS-Excel, 
which allows a manual setting of rules for highlighting cells. By setting the rule to highlight cells 
with the same Locus ID, similar genes were selected in both whole genome transcriptome datasets, 
i.e. for R. irregularis and M. oryzae. Gene IDs that were not highlighted were not present in both 
independent datasets and were, therefore, removed. This resulted in a total common set of 498 





























Figure A1: Genotyping results showing WT (1.1 kb) and oscerk1 (2.1 kb) mutant alleles using self-




Figure A2: Genotyping results showing WT (1.2 kb) and oscebip (2.3 kb) mutant alleles using self-





Figure A3: Genotyping results showing alleles WT (0.9 kb) and osnfr5 (1.2 kb) mutant alleles using 









Figure A5: Restriction enzyme digest of OsDUF538 CRISPR-Cas9 final construct (shown in A4) prior 
to rice transformation. The restriction enzyme Nco1 (NEB # R3193S) generated three expected DNA 
fragments (1,016 bp, 4,186 bp and 10,476 bp) which matched the size of the final construct (15,678 kb). 
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